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The production of value-added, bio-based industrial commodity chemicals is an 
important area in science right now and this study provides an initial step in the 
recovery of bio-based chemicals from hemicellulose.  Hemicellulose is a long chain 
polymer mostly consisting of xylose, which is a five-carbon sugar, and a variety of 
other compounds that are ubiquitous in plant life.  The hemicellulose polymer chain 
can be depolymerized into smaller components, called xylooligosaccharides (XOS) 
with different chain lengths of xylose linked by β-1-4 glycosidic bonds, using either 
hot water, or dilute sulfuric acid. The xylooligosaccharides can then be purified from 
one another from one another using a variety of separation techniques, one such being 
centrifugal partition chromatography (CPC).  The individual XOS components can be 
accumulated from successive separations for analysis to determine their best use as a 
value-added product. 
The initial step in isolating xylooligosaccharides is to determine a method to 
theoretically calculate the partition coefficient, KD, of a CPC solvent system.  
Currently, solvent systems are determined by a series of trial and error experiments.  
This research builds on a theoretical method to determine the activity coefficient of a 
solute in a solvent system.  The method used is called the Conductor-like Screening 
Model for Real Solvents (COSMO-RS) and was used to calculate the partition 
coefficients of xylose and two major functional xylooligosaccharides – xylobiose and 
xylotriose, based on the structure of the compounds and the composition of solvents 
in two phases of the solvent system.  The COSMO-RS calculation allows for a faster 
and more economical approach to hone in on the best solvent system for a CPC 
separation.  The experimental partition coefficient determination requires high purity 
xi 
standards which are not always readily available or affordable.  For this work, the two 
XOS compounds studied, xylobiose and xylotriose, were relatively costly but 
available for purchase.  The COSMO-RS method developed in this work can alleviate 
the requirement for such pure standards and allows a user to determine the partition 
coefficient based solely on the structure of the compound.  
The results of experimental solubility of xylose were in relative agreement with 
COSMO-RS predicted capacity in different chemical groups except for water and 
ketones groups; in this case when choosing potential solvents for making ternary 
biphasic solvent systems, water and ketones will not be considered, which means only 
non-aqueous solvent systems were tested.  The comparison of the experimental results 
and predicted data for xylose in 12 non-aqueous solvent systems demonstrated the 
potential of using the COSMO-RS method as a tool for solvent system selection.  
Furthermore, for xylose and xylobiose, a close match between experimental results 
and the COSMO-RS estimated data in three heptane/n-butanol/acetonitrile systems 
were obtained.  The results for xylotriose predicted a lower partition coefficient than 
the experimental findings.  Considering the partition coefficients of the three target 
compounds – xylose, xylobiose, and xylotriose – the upper/lower phase ratio and also 
the separation factors between three compounds, the solvent system containing 
heptane/n-butanol/acetonitrile with volume ratio of 9:4:5 was deemed to be the most 












CHAPTER 1: INTRODUCTION AND OBJECTIVES 
 
1.1: Introduction 
Lingocellulosic materials (LCM) primarily contain lignin, hemicelluloses and 
cellulose – obtained from plant materials in agriculture, forestry, or from waste 
streams – and are possible feedstock for chemical and biological applications 
(Vazquez, Alonso, Dominguez, & Parajo, 2000).  LCM is comprised of 
heterogeneous polymers with varied structure depending on the resource, to achieve 
its benefit needed using chemical or biological separations which follow the “biomass 
refining” principles (Myerly, Nicholson, Katzen, & Taylor, 1981) to separate the 
selective key compounds to get different high valued co-products.  The work 
performed in this study is an initial step in the recovery of bio-based chemicals from 
LCM. Hemicellulose consists of mostly xylan, which consists of xylose – a five-
carbon sugar – units linked by β-1,4 glycosidic bonds (Ebringerova & Heinze, 2000).  
The xylose can be released by hydrolysis of xylan-rich LCM. Hydrolysis is a type of 
pretreatment that breaks the bonds that hold the sugars together. Hemicellulose sugars 
have been shown to depolymerize, i.e. breakdown, using either hot water or dilute 
sulfuric acid (Li, Converse, & Wyman, 2003). Hydrolysis of xylan-rich materials 
releases xylooligosaccharides with different chain lengths of xylose linked by β-1,4 
glycosidic bonds (Charalampopoulos & Rastall, 2009). Xylose oligomers can be used 
as starting materials for food and feed additives and many commodity chemicals 
(Vazquez, et al., 2000). 
The importance of this research is to develop a theoretically based method to 
determine possible solvent systems for CPC separation to produce fraction of pure 
xylooligosaccharides.  CPC is a liquid-liquid separations tool that uses two 
immiscible liquid phases to maximize the mass transfer area to separate compounds 
from one another.  Traditional chromatography uses a liquid phase and a solid phase 
and pumps the liquid phase through the solid phase. This means that there is an 
established mobile phase and a stationary phase. CPC uses a spinning rotor to create a 
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centrifugal field to hold one of the liquid phases in place. The design of the CPC 
offers endless possibilities for separation since there is a variety of solvents that can 
be chosen based on the compounds that need to be separated. This is also a drawback 
to the instrument because it means that many solvent systems must be tested in order 
to find the best system to separate the compounds of interest. 
When choosing a solvent system the first step is to identify a solvent in which the 
compound of interest is freely soluble, known as the best solvent. Next, a solvent that 
is less polar than the best solvent and one that is more polar are chosen (Foucault & 
Chevolot, 1998).  This will result in a system of two immiscible liquid phases that the 
compound will be able distribute in-between.  The amounts of the solvents within the 
system can then be varied to change the polarity of the system and to create a system 
that will separate the compound(s) of interest from the other compounds.  Families of 
solvent systems have been created to provide a methodical approach to search for a 
solvent system that will give reasonable separation based on the partition coefficient, 
KD (Friesen & Pauli, 2007).  The partition coefficient is a measure of how the 
compound of interest is divided between the stationary and mobile phases.  The 
partition coefficient indicates well a compound will separate from the other 
compounds in the solution.  The two most widely used solvent system families are the 
ARIZONA and HEMWat. Both use heptane/hexane-ethyl acetate-methanol-water 
with a range of amounts of each solvent to vary the polarity of the system. The 
variable polarity allows a user to choose a system within the family based on the 
attraction of the compounds they are trying to separate.  
The HEMWat solvent system family has demonstrated the ability to separate 
agriculturally significant natural products (Friesent & Pauli, 2008). This solvent 
system family is not an optimal choice for the separation of sugars, i.e. xylose 
oligomers. By a series of trial and error, Lau et al. (Lau, Clausen, Lay, Gidden, & 
Carrier, 2013) found that with a solvent system consisting of n-butanol, methanol and 
water with volume ratio of 5:1:4 which could separate five different 
xylooligosaccharides from one another. The major disadvantage of this solvent 
system is that the partition coefficients of interest compounds are pretty low and cause 
relatively long time to finish the whole separation process. The other drawback of the 
work from Lau et al. (2013) is that each solvent system needs to be made and tested 
by hand to determine its performance in a CPC separation. The method to test solvent 
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systems is called the shake-flask method. The shake-flask method consists of making 
a small volume solvent system and testing how the compound of interest separates 
between the phases in the system. The shake flask method gives accurate results, but 
it is very time consuming and can end up using a lot of costly solvent and sample 
when trying to identify the best solvent system to separate the compound(s) of interest. 
And in this case, the HPLC grade xylooligosaccharides samples are expensive, i.e. 
xylobiose (purity > 90%) is $200/50 mg. 
This work proposes to create a method to identify a solvent system based on partition 
coefficient calculated from structure of the xylooligosaccharides and the solvents 
involved. The work stems from research performed by Hopmann et al. (2011, 2012) 
where they developed a procedure to calculate the partition coefficient of a substance 
in a solvent system using three computer software programs. The procedure 
developed by Hopmann et al. (2011) is of great interest because it demonstrates that 
partition coefficients can be accurately predicted based on chemical structure. This is 
exceptionally important for xylose oligomers for two main reasons 1) the structure of 
xylose oligomers can be identified/predicted, and 2) it is difficult and expensive to 
obtain chemical standards of xylose oligomers to test in the shake flask method. Lau 
et al. (2013) has demonstrated that the solvents used in the HEMWat system are not 
suitable for sugar separations, since the partition coefficients of xylooligosaccharides 
are lower than 0.01 in HEMWat systems while the desired range of KD values for a 
CPC separation is 0.4 < KD < 2.5 (Friesen & Pauli, 2005). 
This work will add an important finding for the future of hemicellulose use. The 
theoretical calculation will add a step to quickly and more economically determine the 
best solvent system for a separation. The methods developed in this work will allow a 
user to determine the partition coefficient based solely on the structure of the 
compound. This is a major benefit because reference standards are often not available 
for purchase due to the nonstandard structure of the hemicellulose polymer. 
 
1.2: Objectives 
The three objectives of this research are: 
1) Develop a theoretically based method to determine partition coefficients of xylose, 
two major functional xylooligosaccharides - xylobiose and xylotriose in a solvent 
system and determine possible solvent systems for CPC separation. 
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2) Calculate the partition coefficients of the selected compounds in the selected 
solvent systems using both a theoretical method and experimental method. 
3) Compare the theoretical partition coefficient with the experimental results to 
































Charalampopoulos, D., & Rastall, R. A. (2009). Prebiotics and probiotics science and 
technology: Springer New York. 
Ebringerova, A., & Heinze, T. (2000). Xylan and xylan derivatives - biopolymers with 
valuable properties, 1 - Naturally occurring xylans structures, procedures and 
properties. Macromolecular Rapid Communications, 21(9), 542-556. 
Foucault, A. P., & Chevolot, L. (1998). Counter-current chromatography: 
instrumentation, solvent selection and some recent applications to natural 
product purification. Journal of Chromatography A, 808(1-2), 3-22. 
Friesen, J. B., & Pauli, G. F. (2005). GUESS - A generally useful estimate of solvent 
systems in CCC. Journal of Liquid Chromatography & Related Technologies, 
28(17), 2777-2806. 
Friesen, J. B., & Pauli, G. F. (2007). Rational development of solvent system families 
in counter-current chromatography. Journal of Chromatography A, 1151(1-2), 
51-59. 
Friesent, J. B., & Pauli, G. F. (2008). Performance characteristics of countercurrent 
separation in analysis of natural products of agricultural significance. Journal 
of Agricultural and Food Chemistry, 56(1), 19-28. 
Hopmann, E., Arlt, W., & Minceva, M. (2011). Solvent system selection in counter-
current chromatography using conductor-like screening model for real 
solvents. Journal of Chromatography A, 1218(2), 242-250. 
Hopmann, E., Frey, A., & Minceva, M. (2012). A priori selection of the mobile and 
stationary phase in centrifugal partition chromatography and counter-current 
chromatography. Journal of Chromatography A, 1238, 68-76. 
Lau, C. S., Clausen, E. C., Lay, J. O., Gidden, J., & Carrier, D. J. (2013). Separation 
of xylose oligomers using centrifugal partition chromatography with a 
butanol-methanol-water system. Journal of Industrial Microbiology & 
Biotechnology, 40(1), 51-62. 
Li, X., Converse, A. O., & Wyman, C. E. (2003). Characterization of molecular 
weight distribution of oligomers from autocatalyzed batch hydrolysis of xylan. 
Applied Biochemistry and Biotechnology, 105, 515-522. 
Myerly, R. C., Nicholson, M. D., Katzen, R., & Taylor, J. M. (1981). THE FOREST 
REFINERY. Chemtech, 11(3), 186-192. 
6 
Vazquez, M. J., Alonso, J. L., Dominguez, H., & Parajo, J. C. (2000). 
Xylooligosaccharides: manufacture and applications. Trends in Food Science 


























CHAPTER 2: LITERATURE REVIEW 
 
2.1: Xylooligosaccharides (XOS) Background 
 
2.1.1 Plant Sources of Xylooligosaccharides 
Biomass is a plentiful and widely grown renewable material for the sustainable 
production of clean energy, and is a source of valuable co-products that could be used 
in place of petroleum.  Wide use of biomass could help solve the global crisis of 
energy shortage and alleviate environmental issues associated with petroleum 
recovery and refinement.  Lingocellulosic materials (LCM) primarily contain lignin, 
hemicelluloses and cellulose – obtained from plant materials in agriculture, forestry, 
or from waste streams – and are possible feedstock for chemical and biological 
applications (Vazquez, Alonso, Dominguez, & Parajo, 2000).  LCM is comprised of 
heterogeneous polymers with varied structure depending on the resource, to achieve 
its benefit needed using chemical or biological separations which follow the “biomass 
refining” principles (Myerly, Nicholson, Katzen, & Taylor, 1981) to separate the 
selective key compounds to get different high valued co-products.  Hemicellulose 
consists of mostly xylan, which consists of xylose – a five-carbon sugar – units linked 
by β-1,4 glycosidic bonds (Ebringerova & Heinze, 2000).  The content of xylan varies 
depending on the source.  In hardwoods, the xylan content is about 10-35% and in 
softwoods is about 10-15% of the hemicelluloses.  The general structure of xylan also 
varies depending on the source; in hardwood it is O-acetyl-4-O-
methylglucuronoxylan while in softwood it is arabino-4-O-methylglucuronoxylans 
(Holik, 2006). 
 
2.1.2 Structure and Properties 
Xylooligosaccharides are sugar oligomers made up of xylose units with the range of 
degree of polymerization (DP, or known as chain length) from 2 to 10 repeating units 
of xylose (B. Yang & Wyman, 2008).  XOS are native to fruits, vegetables, hardwoods 
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(e.g. birchwood, beechwood), straws, bagasse, and bran. The production of XOS at an 
industrial scale is carried out from xylan-rich LCM (Vazquez, et al., 2000). Figure 2.1 
shows the structure of most common XOS, and according the number of xylose 
residues, they are identified as xylobiose, xylotriose, xylotetraose, xylopentaose. 
 
 
Figure 2.1: Basic structure of xylooligosaccharides adapted from Vazquez, et al. (2000). 
 
2.1.2.1 Physico-chemical properties  
XOS are light yellow or light brown powder.  The main phyisco-chemical properties 
of XOS are displayed in Table 2.1. These properties indicate that XOS can be used as 





Table 2.1: The phyisco-chemical properties of XOS. 
Property Description Citation 
Sweetness 
Lower than sucrose and glucose while 
similar to maltose, and about 40% of 
sucrose 
Schooneveld-Bergmans 
et al. (1999) 
Stabilizing 
Better  acid resistance and thermal 
stability compared with other 
oligosaccharides and very stable during 
pH 2.5-8.0 
Courtin et al. (2009) 
Water activity Similar to glucose and lower than sucrose Hirayama (2002) 
Freeze resistance 
Not frozen at -10 ̊ C, better than glucose, 
sucrose and maltose 
Hirayama (2002) 
 
2.1.2.2 Biological properties  
As functional oligosaccharides, XOS have beneficial biological properties including, 
but not limited to:   
1) Proliferation of bifidobacteria: The two active oligomers – xylobiose (DP2) 
and xylotriose (DP3) - are non-digestible fermentable sugars that cannot be 
directly absorbed by the body.  The DP2 and DP3 oligomers can improve the 
intestinal microbial environment and the human's immune system since they 
directly reach the intestine and are prioritized by beneficial intestinal bacteria 
such as bifidobacteria and lactobacillus, while at the same time they can 
inhibit harmful bacteria and reduce the formation of toxic fermentation 
products (Lim, Huh, & Baek, 1993). Among the commonly used functional 
oligosaccharides in the food industry, XOS have the highest efficiency of 
proliferation of bifidobacteria. Therefore XOS are also known as a "super-
bifidus factor" (Fujikawa, Okazaki, & Matsumoto, 1991). 
2) Prevention of dental caries: Dental caries (tooth rot) is caused by harmful 
bacteria (mainly Streptococcus mutans) in the mouth, since the harmful 
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bacteria make use of sucrose to produce insoluble glucan which cover the 
surface of the tooth enamel to form tartar; under appropriate conditions, the 
harmful bacteria use these insoluble glucan to ferment and produce acid, and 
the acid react with the teeth enamel to cause the caries (Carvalho, Neto, Da 
Silva, & Pastore, 2013). Since XOS cannot be decomposed by Intra-oral 
bacteria like Streptococcus mutans to form adhesion monosaccharide such as 
glucose, fructose, galactose, it will not exacerbate dental caries problems 
(Carvalho, et al., 2013).  Therefore, XOS function to prevent dental caries, 
which makes XOS more suitable as sweeteners in the food industry.  
3) Low calorific value (LHV): The human body lacks the enzymes to hydrolyze 
XOS, thus making the caloric energy value of XOS very low.  The low-calorie 
content of XOS along with the lack of metabolic control from insulin makes 
XOS an ideal source of sweetener for patients suffering from diabetes, obesity, 
and high cholesterol (Vazquez, et al., 2000) . 
4) Improvement of blood pressure, cholesterol and blood glucose: XOS are 
soluble dietary fibers, and have been shown to have a positive effect on the 
prevention of hyperlipidemia – a disease with excess of fatty substances in the 
blood.  Imaizumi et al. (1991) observed the influence of XOS on 
hyperlipidemia serum total cholesterol (TC), serum triglyceride (TG) and 
high-density lipoprotein cholesterol (HDL -C) levels of adult mice. The results 
showed that XOS can effectively reduce serum TC, TG content of mice with 
hyperlipidemia (Imaizumi, et al., 1991). 
5) Improvement of mineral absorption: Bedford (1998) demonstrated that the 
addition of  XOS to animal food increased the absorption of calcium, 
magnesium and zinc.  Perugino et al. (2004) found that through the 
experiment, with a 2% aqueous solution XOS and calcium intake together by 
mice freely for seven days, under the influence of XOS, the digestion and 
absorption ability of calcium for mice had been increased by 23%, the  
calcium retention rate increased by 21%.  Therefore, adding even a small 






Since XOS have good processing characteristics and biological properties, they can be 
used in many areas, including food, agricultural and pharmaceutical industries.  
 
2.1.3.1 Food Applications  
1) Health food applications: For people with high blood pressure, high blood 
sugar and high cholesterol, the basic treatment is dietary conditioning.  Since 
XOS cannot be digested and adsorbed by humans and metabolism is not 
dependent on insulin, XOS can effectively reduce the serum Cholesterol and 
blood fat levels (Sheu et al., 2008).  XOS can meet the “three high patient" on 
needs for carbohydrates.  Anti-cancerous health food application: human 
intestinal saprophytic bacteria produce indole, skatole and other carcinogenic 
substances; while bifidobacteria produce large amounts of short-chain fatty 
acids during digestion of XOS which reduce intestinal pH value, thereby 
inhibiting the growth of saprophytic bacteria and accelerate the intestinal 
peristalsis and defecation to allow these carcinogens to be rapidly excreted 
(Hsu, Liao, Chung, Hsieh, & Chan, 2004).  
2) Beverage applications: XOS have good thermal and acid stability in storage 
(see Table 2.1). XOS taste similar to table sugar, and can be used to enhance 
the flavor of sweetened beverages (De Vuyst, 2000). XOS can partially 
replace sucrose or high-fructose corn syrup in beverages and increase product 
functions, while not disrupting process conditions or functional ingredients. 
3) Dairy products applications: Many people suffer from various degrees of 
lactose intolerance, thus adding XOS into yogurt can help digestion of lactose 
in human body (R. G. Crittenden & Playne, 1996). XOS have many features 
including: promotion of the proliferation of bifidobacteria, better acid thermal 
stability compared to other oligosaccharides, no feeding sequence 
requirements and so on, which are fully able to adapt to the high temperature 





2.1.3.2 Non-food Applications  
1) Agricultural applications: XOS can stimulate the crop to produce disease 
resistant substances such as phenols or phytoalexins 
which are antimicrobial substances synthesized de novo by plants that 
accumulate rapidly at areas of pathogen infection.  As a biological pesticide, 
XOS are water-soluble and non-toxic, and have long-term effects; therefore, 
the use of XOS does not cause plants to produce specific disease resistance, 
and has the advantage of low doses (Alonso, Dominguez, Garrote, Parajo, & 
Vazquez, 2003).  As a crop nutrient, XOS can regulate the growth of crops 
and increase production of the fruit; all the while improving the ability of the 
crop to absorb nitrogen, potassium and other elements by affecting soil 
microbial flora (Moure, Gullon, Dominguez, & Parajo, 2006). 
2) Pharmaceutical Applications: XOS have surface active sites and water-soluble 
dietary fiber properties which can absorb toxic substances and pathogens in 
intestine tract, activate the immune system and improve the body's disease 
resistance; while XOS can proliferate the probiotics to prevent and treat 
diarrhea and constipation. Therefore, XOS applications in medicine have great 
prospects (Suwa et al., 1999). 
 
2.1.4 Production of Xylooligosaccharides 
To produce XOS from LCM the first step is to choose a xylan-rich material, then 
subject the chosen material to either chemical or enzymatic hydrolysis to deconstruct 
the glycosidic bonds on the xylan backbone to obtain a lower degree polymerization 
hydrolyzate.  The three most widely used approaches for XOS production are 
(Vazquez, et al., 2000):  
1) Direct hydrolysis the natural and xylan-rich LCM by enzyme like xylanase.   
2) Direct hydrolysis of xylan by steam, water or a dilute acid.   
3) Autohydrolysis: First extract xylan from the LCM via a chemical method and 
then further hydrolyze the xylan using enzyme like xylanase. 
Since only using enzymes or chemical methods to produce XOS from LCM would 
only achieve a very low yield of XOS; right now industry mainly uses autohydrolysis 
which combines biological and chemical methods to produce XOS (see Figure 2.2).  
LCM can be subjected to alkaline treatment (sodium hydroxide, potassium hydroxide, 
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calcium hydroxide, ammonia, or mixtures) to obtain xylan and other varying degrees 
of polymerization xylooligosaccharides; xylan-rich LCM should be treated with a pH 
value where xylan would not be denatured, and only in this case soluble can xylan be 
obtained from the above solutions without denaturing (Vazquez, Garrote, Alonso, 
Dominguez, & Parajo, 2005). In some cases, an oxidizing agent, salt, or alcohol is 
used to pretreat the raw material to remove lignin or pectin substances (Vazquez, et 
al., 2005). After xylan is dissolved in a basic solvent, an acid, ketone, or alcohol is 
added to insolubilize the hemicellulose and allow for any degradation products to 
precipitate. Next, the soluble xylan is hydrolyzed using an enzyme, xylanase, to form 
lower degree-of-polymerization XOS.  To reduce the content of xylose to achieve a 
high-purity of XOS, selected xylanase should have low exo-xylanase and β-
xylosidase reactivity; since these two enzyme can remove successive D-xylose 
residues from the non-reducing termini of xylan, and furthermore they can hydrolyze 
xylobiose and xylotriose to D-xylose, which means xylanase with high exo-xylanase 
and β-xylosidase activity which would produce more xylose and inhibit the 






Figure 2.2: Scheme for XOS production by autohydrolysis method adapted from Vazquez et 
al. (2000). 
 
2.1.5 Separation and Purification 
Separation and purification of XOS has been demonstrated through the following unit 
operations: exclusion chromatography, adsorption chromatography and membrane 
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separations.  Details regarding each of these techniques will be explained in this 
section. 
 
2.1.5.1 Exclusion Chromatography  
Exclusion chromatography, also known as molecular sieve chromatography, or gel 
chromatography, separates compounds according to the relative molecular mass 
(Waniska & Kinsella, 1980).  Since XOS are homologous mixtures, XOS can be 
separated by gel resin with a high degree of purity.  The common gel resins used to 
separate XOS are: polyacrylamide gel (Bio-Ge1), dextran, or agarose gels.  Hyeon-Jin 
et al. (2002) demonstrated the use of a polyacrylamide gel Bio-Gel P-4 and a 
Toyopearl HW gel column in tandem, eluted by distilled water to separate the degree 
of polymerization from 2 to 5 XOS single components.  Mitsuishi et al. (1988) 
separated xylobiose single component by using a Bio-Gel P-2 column. 
The major advantages of size exclusion chromatography to separate XOS are 
(Waniska & Kinsella, 1980):  
1) Water is the majority of the eluent, and does not cause secondary isolation of 
sugar solution, an example: John et al. (1982) used Bio-Gel P-4 as the 
chromatographic medium, with water as the eluent, to obtain components with 
a  degree of polymerization less than 15. 
2) Ability to separate components with a large molecular weight range according 
to different needs using different gel resin.  
Disadvantages of size exclusion chromatography include (Waniska & Kinsella, 1980):  
1) Relatively high price of the gel resin, for example, 100g Bio-Gel P-4 resin 
sells for around $310 according to the BIO-RAD on-line catalog.  When 
taking cost into consideration, it is difficult to effectively apply this technique 
at the industrial scale.   
2) Gel resin is difficult to preserve and has restrictions of flow rate and pressure, 
for example, Bio-Gel P-6 cannot tolerate high pressure (beyond 40 psi) and 
high flow rate due to the less stable pressure. 
3) In theory, size exclusion chromatography can separate mixtures with different 
molecular weight compounds depending on the gel resin chosen; but during 
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actual operation, the injection volume and flow rate also need to be taken into 
consideration to achieve the desired separation.  
 
2.1.5.2 Adsorption chromatography  
Adsorption chromatography separates compounds according to the affinity of the 
compound affinities to the adsorbent; separation is achieved through varying the ionic 
strength, pH, and time to elute from the adsorbent (Waniska & Kinsella, 1980).  
Commonly used adsorbents include: activated carbon – the most widely used, 
bentonite, diatomaceous earth, and synthetic porous materials (Waniska & Kinsella, 
1980). Activated carbon chromatography was first used as early as the beginning of 
the 20th century to separate sugars; Whistler et al. (1952) improved the wide use of 
this method by adding alumina to the activated carbon adsorbent and then used a 0 to 
15% gradient of ethanol to elute and separate the two to five degree of polymerization 
of XOS single components . 
The major advantages of absorption chromatography to separate XOS are (Waniska & 
Kinsella, 1980): 
1) The efficiency of the column is high due to the large number of theoretical 
plates – calculated to be in the thousands. 
2) The system is relatively easy to operate and is easily automated.  
3) The column resin is comparatively inexpensive and can be easily recycled. 
The disadvantages of adsorption chromatography include (Waniska & Kinsella, 1980):  
1) Resin selection can be time consuming due to the large variety of resins to 
choose from and the variability in performance. 
2) The target compounds can be difficult to desorb from the adsorbent which can 
result in long elution times and large solvent consumption.  
3) Since it can be difficult to separate acidic compounds, so XOS which 
produced by acidic chemical treatment cannot be separated using activated 
carbon.  For these compounds, a more appropriate resin will need to be used. 
 
2.1.5.3 Membrane separation 
Membrane separation technology is an efficient separation, concentration and 
purification technology, since the separation usually occurs at room temperature, with 
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no phase change.  Membrane separations are often highly efficient and are less energy 
intensive than other separations techniques.  The membranes themselves are also 
usually free of pollutants.  The combination of these characteristics have had a 
significant development on the previous 30 years in the field of food processing, 
pharmacy, and biochemistry industries (van Reis & Zydney, 2007).  Membrane 
separation technology can be divided into seven major areas: microfiltration (MF), 
ultrafiltration (UF), nanofiltration (NF), reverse osmosis (RO), dialysis (DS), 
electrodialysis (ED) and pervaporation (PV).  The major membrane separation 
technologies that are used to purify XOS, are ultrafiltration and nanofiltration 
(Kamada, Nakajima, Nabetani, Saglam, & Iwamoto, 2002).  These two areas will be 
further explained in this section. 
1) Ultrafiltration: UF can remove solid particles or macromolecules; according to 
the membrane pore size, and has been successfully demonstrated on XOS and 
LCM.  Swennen et al. (2005) used molecular weight cut-off ultrafiltration 
membranes(MMCO) – P005(5kDa), PES10(10kDa) and PES030H(30kDa) – 
to separate XOS from a hydrolysis solution of wheat, the results indicated that 
the UF- P005 retained xylose and xylobiose, UFPES10 retained mainly 
xylotetraose and xylopentaose, while UFPES030H retain mainly xylohexaose 
and xyloheptaose.  Related membrane studies have been reported, for example, 
Waniska & Kinsella (1980) the use of ultrafiltration membranes – PM10, 
UM10 and UM2 to separate glucose oligomers with DP of 10 – 20 from corn 
syrups; UM2 and UM 10 can retain 55 – 70% of glucooligoscharides while 
PM10 could only retain less than 7%. 
2) Nanofiltration: NF can hold small organic molecules, while concurrently 
dialyzing the salt, setting concentrate, and dialysis as a whole (Kamada, et al., 
2002).  Goulas et al. (2003) studied two nanofiltration membranes 
(NF2CA250 and NF2TFC250) and an ultrafiltration membrane (UF2CA21) to 
separate oligosaccharide mixtures from corn syrup.  The results showed that 
the two nanofiltration membranes were able to more effectively separate the 
monosaccharide and disaccharide from the remaining oligosaccharides, and 
NF2TFC250 was able to remove 81% of the monosaccharide and retain 88% 
of oligosaccharides, a separation characteristic that can satisfy the 
requirements of separation and purification; while ultrafiltration membrane 
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UF2CA21 removed 88% of monosaccharide but was unable to retain 47% of 
oligosaccharides. NF was also applied to fructooligosaccharide separation, 
Urano et al. (1997) studied four different nanofiltration (Desal G5, G10, G20 
and G50, which molecular weight cutoffs are 2000, 2500, 3500 and 15000 
g/mol) to separate fructooligosaccharides extracted from Jerusalem artichoke, 
the results showed that G50 can only remove macromolecules with molecular 
weight greater than 10 kDa; while other three nanofiltration membranes can 
separate fructooligosaccharides with DP 2 – 10. 
The advantages of membrane separation include (Kamada, et al., 2002): 
1) Membrane separation devices are relatively easy to operate and can have high 
selectivity. 
2) Membranes separation can not only remove the macromolecules, but can be 
used for separation and concentration of a solute in solution; for example, 
Murthy et al. (2005) used polyamide – 300 NF membrane to concentrate a 
crude xylose solution from 2% to 10%. 
The disadvantages of membrane separation include (Kamada, et al., 2002): 
1) Some membranes can be costly and difficult to preserve, since some 
membranes need to maintain at certain a pressure and temperature. 
2) Bacteria can grow on the surface of the membrane if it is not properly cared 
for. 
 
2.2: Centrifugal Partition Chromatography (CPC) 
 
2.2.1 Introduction  
Countercurrent chromatography was first developed in the 1960s by Ito et al. (1966) 
wherein they used the different partition coefficients of a solute between two 
immiscible solutions. The name given to this newly developed technique was CCC, 
for countercurrent chromatography.  The technique is built on a special balanced fluid 
dynamics theory that the solute is carried by mobile phase and passes through an 
immiscible stationary phase – held in place by centrifugal force –and the solute is 
separated according to the differences in the partition coefficients of solute between 
the two phases.  A branch of CCC, centrifugal partition chromatography (CPC), was 
developed by Nunogaki and is one of many modern countercurrent chromatography 
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technologies, built on Hydrostatic equilibrium system (HSES) (Foucault, 1995). The 
CPC uses the constant force field generated by a spinning rotor to keep the stationary 
phase retained in the cavity, which greatly improves the efficiency of the two-phase 
solvent mixture and allows the utilization of the high speed mobile phase; then the 
design can greatly reduce the separation time (Foucault, 1995).  The basic structure of 
Centrifugal partition chromatography is showed in Figure 2.3. In a CPC instrument, 
the "column" consists of ducts sequentially connected by channels (only two channels 
as schematically depicted in Figure 2.3); the "column" rotates about the shaft to create 
the centrifugal force field. The stationary phase is retained in the channels under the 
action of the centrifugal force field, whereas the mobile phase is pumped into the 
ducts in droplet form and goes through stationary phase in the channels, thereby 
achieving maximum mass distribution between the two phases (Foucault, 1995). 
Selection of the elution mode of CPC operation should be based on the relative 
density of the mobile phase and the stationary phase: when the lower phase is used as 
the mobile phase, choosing descending mode; if the upper phase used as mobile 
phase, then ascending mode is chosen (Rolet-Menet, 2005).  The modes of operation 
are also depicted in Figure 2.3.  Centrifugal partition chromatography is a type of 
countercurrent chromatography because it does not use a solid support or carrier to 





Figure 2.3: Basic structure of two modes of Centrifugal Partition Chromatography (Foucault, 
1995). 
 
2.2.2 Solvent System Selection  
The chromatographic column in a CPC separation is comprised of two immiscible 
liquid phases.  Determination of the best solvent system is the first step in any CPC 
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separation.  The best solvent system is determined from two parameters, the partition 
coefficient and the separation factor – if there is more than one target compound. The 
partition coefficient, KD, is defined as the ratio of the compound’s concentration in the 
upper phase to its concentration in the lower phase at equilibrium, Equation 2.1 
(Foucault, 1995).  
 
𝑲𝑲𝑫𝑫 =  
𝑪𝑪𝑼𝑼
𝑪𝑪𝑳𝑳
=  𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪 𝑪𝑪𝑪𝑪 𝒖𝒖𝒖𝒖𝒖𝒖𝑪𝑪𝑪𝑪 𝒖𝒖𝒑𝒑𝑪𝑪𝒑𝒑𝑪𝑪
𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪 𝑪𝑪𝑪𝑪 𝒍𝒍𝑪𝑪𝒍𝒍𝑪𝑪𝑪𝑪 𝒖𝒖𝒑𝒑𝑪𝑪𝒑𝒑𝑪𝑪
                       (2.1) 
 
The separation factor, α, described by Equation 2.2, is defined as the ratio of the 
partition coefficient of two components in the mixture, which is used to tell how well 
the components can be isolated from each other (Foucault, 1995). 
 
𝜶𝜶𝑨𝑨 𝑩𝑩⁄ =  
𝑲𝑲𝑨𝑨
𝑲𝑲𝑩𝑩
 ,𝒍𝒍𝒑𝒑𝑪𝑪𝑪𝑪𝑪𝑪 𝑲𝑲𝑨𝑨  >  𝑲𝑲𝑩𝑩                                       (2.2) 
 
There are a variety of options for CPC solvent system selection under different 
circumstances. Binary, ternary and quaternary systems all have been reported 
(Foucault, 1995). The selection of the solvent system should adhere to the following 
general countercurrent chromatography rules (Friesen & Pauli, 2005; Marston & 
Hostettmann, 2006):  
1) The solvents should not decompose or denature any of the solutes. 
2) The solute should have relatively high solubility in the best solvent. 
3) The components in the sample should all have suitable partition coefficients 
and separation factor. (Ideally KD should between 0.4 and 2.5, and preferably 
as close to 1 as possible, while α should larger than 1.5) 
4)  The stationary phase should be sufficiently retained within the column.  
The ideal partition coefficient should fall between 0.4 and 2.5 and preferably as close 
as possible to 1, since if the partition coefficient is lower than 0.4 there will be a loss 
of resolution, while a partition coefficient higher than 2.5 will lead to a long retention 
time and diluted solute (Friesen & Pauli, 2005). The larger α is, the better the 
separation of the two components , which means the selectivity of CPC for the target 
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components is better, while α = 1 indicates that CPC cannot separate two components; 
to achieve a good separation α should larger than 1.5 (Marston & Hostettmann, 2006). 
The solvent retention in a CPC solvent system can be determined by measuring the 
time needed for the formation of two distinct phases after thoroughly mixing the 
solvents. Note that for most CCC instruments if the phase separation time is less than 
30 seconds the stationary phase will be easily retained due to the high surface tension 
and density difference between two phases; if the settling time is greater than 30 
seconds then the stationary phase will not be as readily retained (Jean-Michel, 2009).  
However, for the CPC, the settling time can be greater than 30 seconds and the 
stationary phase will still be retained due to the high rotational speed during 
separation (Hostettmann, Marston, & Hostettmann, 1986). 
Solvent system selection is the key to CPC separations, since the quality of the sample 
separation has a direct relationship with the solvent system selected. Generally, to 
ensure that the solute has a high solubility in the solvent, the first step in solvent 
system selection is to determine a solvent in which the solute is freely soluble, known 
as the best solvent. Next, the remaining solvents are chosen to create a two-phase 
systems, generally with a more polar solvent and a less polar solvent that the ‘best’ 
solvent can fluctuate between (Foucault & Chevolot, 1998).  Table 2.2 shows the 















Table 2.2: Best Solvent and compatible solvent choices for binary solvent system adapted 
from Foucault & Chevolot (1998). 
Less-polar solvent Best solvent More-polar solvent 
Heptane, chloroform Tetrahydrofuran Water 
Heptane, toluene, methyl 
isobutyl ketone, 





Heptane Methyl ethyl ketone Water 
Tetrahydrofuran Dimethylsuifoxide Water 
Toluene, methyl tert-butyl 
ether, ethyl acetate 
Acetonitrile Water 
Heptane, toluene, 
chloroform, ethyl acetate 
n-Butanol Water 
Heptane, toluene, 
chloroform, ethyl acetate 
Propanol Water 











chloroform, ethyl acetate,  






chloroform Formic acid Water 












Beyond the use of ternary solvent systems, researchers have also explored the use of 
quaternary solvent systems.  In an effort to expedite solvent selection, Margraff et al. 
(1995) explored the use of a range of polarity solvent systems using a combination of 
four solvents – heptane, ethyl acetate, methanol, and water – and defined 23 solvent 
systems.  The solvent system family developed by Margraff  was termed the 
ARIZONA system (as shown in Table 2.3) because it used 23 letters, from A to Z 
(except E, I and O) to represent the whole range of polarity within the solvent 
systems. An additional solvent system family – HEMWat system (shown in Table 2.4) 
was developed by Friesen & Pauli (2005) in which  two to four solvents were selected 
from n-hexane, ethyl acetate, n-butanol, methanol and water.  The selected solvents 























Heptane Ethyl acetate Methanol Water 
A 0 1 0 1 
B 1 19 1 19 
C 1 9 1 9 
D 1 6 1 6 
F 1 5 1 5 
G 1 4 1 4 
H 1 3 1 3 
J 2 5 2 5 
K 1 2 1 2 
L 2 3 2 3 
M 5 6 5 6 
N 1 1 1 1 
P 6 5 6 5 
Q 3 2 3 2 
R 2 1 2 1 
S 5 2 5 2 
T 3 1 3 1 
U 4 1 4 1 
V 5 1 5 1 
W 6 1 6 1 
X 9 1 9 1 
Y 19 1 19 1 









Hexane Ethyl acetate Methanol Water 
-7 9 1 9 1 
-6 8 2 8 2 
-5 7 3 7 3 
-4 7 3 6 4 
-3 6 4 6 4 
-2 7 3 5 5 
-1 6 4 5 5 
0 5 5 5 5 
+1 4 6 5 5 
+2 3 7 5 5 
+3 4 6 4 6 
+4 3 7 4 6 
+5 3 7 3 7 
+6 2 8 2 8 
+7 1 9 1 9 
+8 0 10 0 10 
 
2.2.3 Applications in Natural Products Separation 
Separation and purification of plant-based medicines, antioxidants, spices and other 
natural products are a major focus of CPC based separations. CPC is used widely for 
the recovery of natural products from a crude plant extract due to the high efficiency 
and lack of a solid phase adsorbents. 
 
2.2.3.1 Applications in alkaloids 
Alkaloids are a type of nitrogen-containing basic organic compound, which are 
present in nature (mainly in plants but some are also present animals). Most alkaloids 
have complex ring structures, and nitrogen mainly contained in the rings; they have 
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significant biological activity, are one of the important and effective ingredients in 
Chinese herbal medicine(Roberts & Wink, 1998). Table 2.4 displays a few examples 
of isolating alkaloids using CPC. 
 
Table 2.5: Examples of CPC applications in alkaloids separation. 
Researchers Native Source 
Desired Products 














ether - acetonitrile 
- water (4:1:5) 
Lee et al. 
(2001) 

























ether - acetonitrile 











ether - acetonitrile 
- water (4:1:5) 
 
2.2.3.2 Applications in polyphenols 
Polyphenols are a group of chemicals in plants that have several phenolic groups. 
Polyphenol compounds have been shown to have antioxidant activity and can work 
with other antioxidant vitamins C, E and carotene in vivo together to remove free 
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radicals – which have been shown to be harmful to human health (El Gharras, 2009).  
The CPC can also be applied in extraction of crude polyphenols. Delaunay et al. 
(2002) used CPC to achieve a separation of phenolic compounds from grapes; 
polyphenols were extracted from grape seed and grape vines.  Ethyl acetate was used 
to extract the phenolic compounds from grape seeds and further purification was 
performed using a solvent system consisting of hexane - ethyl acetate - ethanol - water 
(1:8:2:7, v/v/v/v).  The chosen solvent system was able to elute to obtain two 
components: 1) the first peak contained 75% of monomer flavonols (catechin and 
epicatechin), which corresponded to 18% of the total crude extracts; and 2) the second 
peak contained B-type dimers, corresponding to 22% of the total crude extracts.  
From the crude extracts of grape vines, within 30 min, they isolated stilbenoid 
compounds (resveratrol and its oligomers), which corresponded to 12% of the total 
crude extracts.  Hazekamp et al. (2001) used a solvent distribution method and CPC 
to isolate bronchodilator functional compounds, like flavonoids, hispidulin from 
clerodendrum petasitse. Plant chemists are also using CPC for analytical separation of 
plant polyphenols, such as dammarane saponin extracted from the zizyphus lotus 
(Renault et al., 1997), iridoid glycosides and phenolic glycosides isolated from 
holmskioldia sanguinea (Helfrich & Rimpler, 1999).  
 
2.2.3.3 Applications in other natural products 
In many other types of separation of natural products are also using CPC. In terms of 
the separation of terpenoid, flavonolignans, plant acids, chiral substances and sugars 
have been reported to use CPC. For example, Hermans-Lokkerbol et al. (1997) 
isolated bitter acid from hops by CPC; they first separated crude extracts containing 
the α- and β- bitter acid by supercritical carbon dioxide extraction from the hop cones, 
and then purified by CPC; during eluting α-bitter acid, toluene was the stationary 
phase and the mobile phase was 0.1 mol/L triethanolamine aqueous solution with pH 
value adjust to 8.4 by hydrochloric acid; while isolating β- bitter acid, the elution 
solvent system was optimized and the mobile phase was changed to 0.2 M 
triethanolamine in water-methanol (4:1, v/v) with pH adjusted to 9.75 by phosphoric 
acid and the stationary phase was still toluene. Engelberth et al. (2008) used CPC to 
separate silymarins from milk thistle by a heptane-ethyl acetate-methanol-water 
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(1:4:3:4, v/v/v/v) system; the results showed that silychristin achieved 70.2% purity, 
silydianin achieved 93.7% purity, and a mixture of silybinin and isosilybinin reached 
96.1% purity. Murayama et al. (1982) used CPC to separate fructose, glucose and 
sucrose with a solvent system consisting of n-butanol – ethanol – water (10:2.5:10, 
v/v/v) using both ascending and descending modes; the results showed that when 
using ascending mode only, sucrose and fructose could be isolated and glucose stayed 
in the stationary phase, while using descending mode all three sugars could be 
separated. 
 
2.3: Methods to Determine the Partition Coefficient of a Solute  
 
2.3.1 Octanol/Water Partition Coefficient 
One of the partition coefficients that is often used is the ocatanol/water partition 
coefficient (Kow), which is defined as the ratio of concentration of a certain compound 
in octanol phase to its non-dissociation form concentration in aqueous phase 
concentration at equilibrium which is KD of the compound in an octanol/water solvent 





                                                         (2. 3) 
 
Where Co is the concentration in the octanol phase; Cw is the concentration in the 
aqueous phase. Since the partition coefficient is a kind of equilibrium constant, and 
has a log – liner relationship with the free energy; it is usually in logarithmic form 
(logKow) appearing in Quantitative Structure-Activity Relationship (QSAR). Since 
Kow is measured in low concentration, correlation of Kow with the solute concentration 
is very small (Briggs, 1981).  
The octanol/water partition coefficient, which reflects the migration ability of 
chemical compounds between the organic and aqueous phases, is an important 
parameter to describe the behavior of chemical compounds in the environment 
(Briggs, 1981). Originally, Kow was developed to study structure/activity 
relationships, mainly for ingestible drugs; but, Kow can be used for associating the the 
change of drug structure and their biological and toxicological effects (Klopman & 
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Zhu, 2005). Scheytt et al. (2005) studied Kow of clofibric acid, diclofenac, 
carbamazepine, ibuprofen and propyphenazone and the results showed that the Kow 
could be used to predict sorption behavior of these compounds. Octanol/water 
partition coefficients have becomes a key parameter used to study organic chemicals 
in the environment; since Kow can be used to estimate the water solubility, soil 
absorption coefficient and bioconcentration factors of organic chemicals which are 
important parameters for the valuing influence of organic chemicals in the 
environment (Briggs, 1981).  
  
2.3.2 Experimental Determination of Partition Coefficient 
The measurement method of KD is commonly determined experimentally using the 
shake flask method. This method involves dissolving the solutes in the two phases, 
then measuring the concentration of the solute in each phase by HPLC to calculate the 
partition coefficient of the solute (Oka, Oka, & Ito, 1991). Figure 2.4 shows the 
general procedure of shake flask method, more details of procedure are in Chapter 4. 
The shake flask method is a relatively simple, accurate, and reproducible test, 
however it does have a few drawbacks (Finizio, Vighi, & Sandroni, 1997): 
1) When the compound has surface-active effects, an emulsification may occur, 
which will seriously affect the accuracy of the measurement results, and in this 
case shake flask method cannot be used. 
2) The time required for measurement can be long, which need a lot of solvents. 
3) High purity of compounds and some compounds may not have a high purity 




Figure 2.4: The scheme of shake flask method of measuring partition coefficient. 
 
2.3.2 Theoretical Determination of Partition Coefficient 
Although the partition coefficients of many compounds can be found in the literature, 
with the development of the chemical industry, new compounds are constantly 
introduced. To test the partition coefficient of a compound one-by-one is not only time 
and resource consuming, but some substances are toxic which will bring great danger 
to experimental determination. Therefore, proper, simple, and quick theoretical 
methods to determine partition coefficients of chemicals are very important. There are 
many methods to estimate partition coefficient and can be generally divided into two 
types, which are molar methods and group contribution methods. 
 
2.3.2.1 Molar methods 
Molar methods are based on molecular characteristics including molar volume and 
solubility to calculate the partition coefficient, which are easy to calculate. 
1) Molar volume method:  It is one of the most common molar methods, which 
utilizes the principle that the chemical potential of compounds in pure liquid 
solution is equal in the saturated aqueous solution, and can determine the 
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relationship between solubility and molar volume (Danielsson & Zhang, 1996), 
as shown in Equations 2.4 and 2.5. 
 
− 𝐥𝐥𝐥𝐥𝐥𝐥𝑺𝑺 = 𝑨𝑨𝟏𝟏(𝑽𝑽𝒎𝒎) + 𝑪𝑪𝟏𝟏                                               (2. 4) 
 
− 𝐥𝐥𝐥𝐥𝐥𝐥𝑺𝑺 = 𝑨𝑨𝟐𝟐(𝑽𝑽𝒎𝒎) + 𝑩𝑩𝟐𝟐(𝑻𝑻𝒎𝒎 − 𝟐𝟐𝟐𝟐) + 𝑪𝑪𝟐𝟐                                   (2. 5) 
 
Where S is the solubility in water, A is the surface area of compound molecule 
which is proportional to the molar volume (Vm); B and C are constant at 
certain temperature, while Tm is the melting point of compounds. Equation 2.4 
is for solutes which are liquid during room temperature and Equation 2.5 is for 
the solid solutes. Hostettmann et al. (1986) used Equations 2.4 and 2.5 to 
estimate the octanol/water partition coefficients of alkanes, alkenes, alkynes, 
alkyl halides, alcohols, esters, ethers, ketones, aromatics and 
organophosphates and the results showed that, except for alkanes, the 
estimated octanol/water partition coefficient are close to other experimental 
data in the literature. Ruelle (2000) proposed the thermodynamics theory of 
mobile ordered and disordered (MOD) to estimate the partition coefficient, the 
purpose is to introduce thermodynamics to enhance the theory on the basis of 
the molar volume method.  This study not only described the process of solute 
dissolving in the two immiscible systems by reasonable thermodynamic theory, 
but explained the effects of the structure on the solute dissolution process.  
2) Solubility method: The solubility method can be used to estimate the 
octanol/water partition coefficient of compounds by quantitative relationship 
between solubility and logKow (Hansch, Quinlan, & Lawrence, 1968). For 
non-ionic compounds, the quantitative relationship between solubility and 
partition coefficient is shown in Equation 2.6; a relationship mainly applied to 
a compound in the liquid state at room temperature; for the solid compound, 
Equation 2.7 is used.  Hansch et al. (1968) used solubility method for 
estimating the partition coefficient of organic compounds and the results 
showed that the solubility method could estimate Kow for alcohols, alkyl halide, 
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ester and ketone and the estimating correlation coefficient of these compounds 
are higher than 0.99. 
 
𝒍𝒍𝑪𝑪𝒍𝒍 𝑲𝑲𝑪𝑪𝒍𝒍 = 𝑨𝑨𝟏𝟏 + 𝑩𝑩𝟏𝟏𝒍𝒍𝑪𝑪𝒍𝒍𝑺𝑺𝒍𝒍                                      (2. 6) 
 
𝒍𝒍𝑪𝑪𝒍𝒍 𝑲𝑲𝑪𝑪𝒍𝒍 = 𝑨𝑨𝟐𝟐 + 𝑩𝑩𝟐𝟐𝒍𝒍𝑪𝑪𝒍𝒍𝑺𝑺𝒍𝒍 + 𝑪𝑪(𝑻𝑻𝒎𝒎 − 𝟐𝟐𝟐𝟐)                           (2. 7) 
 
Where logKow is the octanol/water partition coefficient of target compound, 
Tm is the melting point of target compound, Sw is the molar solubility of target 
compound in the water, while A, B C are constant at certain temperature.  
 
2.3.2.2 Group contribution methods 
Group contribution methods are used to express the partition coefficient as linear 
additive contributions of different groups of compounds. There are thousands of 
compounds in the environment, but the number of the groups that make up these 
compounds is somewhat limited. Therefore, the compound can be seen as addition of 
the groups, so to predict the properties of compound (e.g. activity coefficient or 
partition coefficient) by determining the parameters of the groups that it contains 
(Oishi & Prausnitz, 1978).  
The group contribution method includes Leo et al. (1971) fragment contribution 
method, Meylan & Howard (1995) atom fragment contribution method, Marrero & 
Gani (2002) three-level group-contribution method,  Lin & Sandler (1999) group 
contribution solvation model method and Fredenslund et al. (1975).   
Functional-group Activity Coefficients (UNIFAC) group contribution method. The 
following will introduce the two most common methods: fragment contribution 
methods and UNIFAC group contribution method.  
1) Fragment contribution methods: The fragment contribution method to 
determine the partition coefficient was first proposed by Leo et al. (1971) and 
is a structural model based on a linear free energy relationship. The overall 
parameters of the compound break down to the linear addition of the basic 
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fragments of the compound that contribute to the overall effects. Equation 2.8 
shows the calculation of Kow. 
 
𝒍𝒍𝑪𝑪𝒍𝒍𝑲𝑲𝑪𝑪𝒍𝒍 = 𝒇𝒇𝑻𝑻𝑪𝑪𝑪𝑪𝑪𝑪𝒍𝒍 + 𝑭𝑭                                          (2. 8) 
 
Where f is fragment constant and F is the structure factors. The fragment 
contribution method considers 14 different structure factors, including degree 
of molecular distortion, unsaturation, and interactions between multiple 
halogen atoms, molecular branch structure, interactions between hydrogen 
bonds and other factors.  For simple and similar compounds, this method is 
very easy and the errors are minor; while for complex compounds like drugs 
and pesticides, the estimating results are not in good agreement with 
experimental data (LEO, et al., 1971). 
2) UNIFAC group contribution method: UNIFAC group contribution method 
was proposed by Fredenslund et al. (1975) based on the UNIQUAC model, 
after nearly four decades of continuous development and improvement, the 
range and accuracy of the UNIFAC group contribution method has been 
greatly improved. Up to now there are four UNIFAC models being developed, 
which are the original UNIFAC model (UNIFAC VLE–1) (Fredenslund, et al., 
1975), UNIFAC – LLE model (Magnussen, Rasmussen, & Fredenslund, 1981), 
Gmehling et al. (1993) modified UNIFAC model (UNIFAC VLE–2) and 
Larsen et al. (1987) modified UNIFAC model (UNIFAC VLE–3); and these 
methods have been successfully used to predict the vapor-liquid equilibrium, 
liquid-liquid equilibrium, solid-liquid equilibrium and activity coefficient.  
The thermodynamic theory of UNIFAC models are based on Guggenheim 
(1985) quasi-crystal theory and the model is derived by Abrams-Prausnitz 
(1975) universal quasi-chemical (UNIQUAC) model.  The UNIFAC group 
interaction parameters are determined to be in compliance with principles of 
thermodynamic consistency, therefore first estimating the activity coefficient 
from UNIFAC model and then using the activity coefficient to estimate other 
physico-chemical properties of organic compounds is more reliable (Lyman, 
Reehl, Rosenblatt, & Rosenblatt, 1982).  Kuramochi et al. (1998) used all  
four UNIFAC models above to predict Kow of common chemicals and 
35 
biochemical like amino acids, their derivatives and sugars, comparing 
estimating results with published experimental data, and concluded that 
UNIFAC VLE–1 model and UNIFAC VLE–3 model are more suitable for 
estimating Kow of common chemicals than the other two models; while 
applying the two better model to biochemical, the predicted results of amino 
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CHAPTER 3: PARTITION COEFFICIENT ESTIMATION BY CONDUCTOR-LIKE 
SCREENING MODEL FOR REAL SOLVENTS (COSMO-RS) 
 
3.1: Background 
The UNIFAC group contribution method mentioned in Chapter 1 is based on the 
amount of molecular free energy that can be added in solution, which can be 
contributed by molecular groups (Fredenslund, Jones, & Prausnitz, 1975).  Though 
the UNIFAC approach has been applied to predict partition coefficients, there remains 
a need for further refinement of this method.  The following are the current limitations 
facing the UNIFAC approach. 
1) To obtain the corresponding parameters, relevant experimental data are 
required.  
2) Only molecules with fragments that can be parameterized can be estimated 
using the UNIFAC method.  
3) In general, electron interactions caused by non-additive effects cannot be 
described, especially conjugated aromatic structures or intramolecular 
hydrogen bonds.  
4) The differences between isomers cannot be predicted by the UNIFAC. 
Due to these drawbacks, Andreas Klamt (1995) proposed the Conductor-Like 
Screening Model for Real Solvents model (COSMO-RS).  COSMO-RS is a method 
for calculating the solvation effect, the whole theory based on the solvent molecular 
orbital continuum model, which is a continuum medium model (Klamt, 1995).   
 
3.1.1 COSMO-RS Theory 
The continuum solvation models (CSMs) were initially constructed in the 1970s, and 
have rapidly developed over the past few decades due to their flexibility and 
efficiency in describing the solvent effect at the ab initio level (Orozco et al., 1996; J. 
Tomasi & Persico, 1994).  The CSMs, including the polarizable continuum model 
(PCM) (Cammi & Tomasi, 1994; Miertuš, Scrocco, & Tomasi, 1981), isodensity 
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polarizable continuum model (IPCM) (Foresman, Keith, Wiberg, Snoonian, & Frisch, 
1996), self-consistent reaction field (SCRF) continuum model (Dillet, Rinaldi, 
Bertran, & Rivail, 1996; Dillet, Rinaldi, & Rivail, 1994; Luque et al., 2003) and 
conductor-like screening model (COSMO) (Klamt & Schuurmann, 1993) are mainly 
focused on solute molecules and some solvent molecules, aimed to describe the 
impact of the solute on the surrounding solvent through the effective continuity.  
Since electrostatic interactions are crucial in solvation phenomena, the main objective 
of the CSMs is to use approximate continuity to give a reasonable description of 
electrostatic screening in solvents and CSMs are conceived in a similar kind of Van 
der Waals surface more or less around the solute, which defines the boundary of the 
continuum medium (J. Tomasi & Persico, 1994).  For the given electrostatic field 
solute, the polarization is usually calculated by the molecular orbital of 
monomolecular, since the dielectric used the polarization of the medium to screen the 
electrostatic field and the surface charge of the defined surface boundary can be 
substituted as the polarization.  Once this polarization is calculated, the screening 
charge in these fields can be taken into account of molecular orbital calculations 
(Jacopo Tomasi, Mennucci, & Cammi, 2005).  Since usually only the solute 
molecules need to be treated by quantum chemistry, there is a requirement on the 
accuracy of the calculation of electrostatic interactions in a continuum medium.  Since 
the calculation of arbitrarily shaped dielectric screening charges tends to be very time-
consuming, hemispherical or ellipsoidal shapes are generally used to simplify the 
surface geometry (Orozco et al., 1996). 
Compared to Dielectric boundary conditions, COSMO-RS is a more accurate and 
effective method (Klamt, Jonas, Burger, & Lohrenz, 1998).  During the development 
of screening medium theory, the researchers explained the electric behavior of 
uniform polarization of the macroscopic medium.  The theory describes the average 
time and uses a linear first-order response to an external electric field, as it applies to 
a weak electric field.  The electric fields of the polar molecules or ions of the Van der 
Waals surface are even stronger than the strongest electric field.  Therefore, the 
capacity of the macroscopic dielectric constant containing the solvent accurately 
qualitatively or even quantitatively describes solute molecules with strong screening 
or uneven electric field is noteworthy (Jacopo Tomasi et al., 2005).  As previously 
mentioned, the behavior of the solvents as dielectrics at the molecular scale is not well 
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understood, therefore the behavior of water as a dielectric or conductor in screening 
polar molecules must be considered.  Water is neither similar to the medium where 
polarization is uniform at the molecular scale, nor has free electrons like conductors; 
while it is peculiar that water can screen polar molecules like electrical conductors, 
almost completely shielding them (Klamt & Schuurmann, 1993). 
Andreas Klamt (1995) proposed the following virtual experiment which resulted in an 
unexpected outcome.  Suppose cube-shaped sovlent molecules S and cube-shaped 
molecules solute X, are all placed in the conductor as shown in Figure 3.1a.  In this 
scenario, they are perfectly screened by the surface charge, have received ideal 
screening energy ∆S and ∆X separately, one can simply assume that the screening 
charge density (SCD) – where SCD is also denoted as σ – is continuous on the surface 
of cubes.  Being the ideal screening, there are no interactions between molecules.  It is 
possible to freely move and arrange the molecules without any change of energy.  
Furthermore, suppose that the solvent molecule S has one surface with screening 
charge density −σi, corresponding to the surface of the solute molecule X with 
screening charge density σi.  If the solvent molecules S are arranged around the solute 
molecules X to some extent, the net charge of the adjacent surfaces are zero (as 
depicted in Figure 3.1b).  In this scenario, there is no difference in whether molecules 
have conductor surfaces between each other, thus the electric charge can be removed 
without any change in energy (as shown in Figure 3.1c). Now the solute molecule X 
is screened by solvent molecules S, but it still has the same energy, which appears as 
though it has been screened by the conductors.  Therefore, the following conclusion 
can be drawn: if a solvent can provide the surfaces with charge density which is the 
opposite of the screening charge density of each surface of the solute, it can screen the 







Figure 3.1:  The scheme of the Klamt (1995) virtual screening experiment.  a) depicts the free 
solutes and solvents, b) shows the pairation between solute and solvents and c) is the solute 
screened by solvents. 
Based on the the thought experiment described above, Klamt proposed a Conductor-
Like Screening Model for Real Solvents (COSMO-RS), which changes the interaction 
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between molecules to the interaction between the molecule fragment surfaces, thereby 
performing the calculations of the thermodynamic properties such as activity 
coefficient and vapor pressure (Klamt, 1995; Klamt & Eckert, 2000; Klamt et al., 
1998).  When using the COSMO-RS model, few constants are required and only the 
molecular structure information is required to conduct COSMO calculations to obtain 
the σ-profile.  The σ -profile is the probability distribution of  screening charge 
density on the surface of the compound that can describe the composition of the 
surface segment ensemble with respect to the interactions.  The ability to determine 
the σ-profile of the thermodynamic property calculations is an advantage when 
compared to the group contribution method (Klamt & Eckert, 2000).  The other 
advantages of COSMO-RS model are that it can not only effectively distinguish 
isomers, but also can take proximity effect into account (Eckert & Klamt, 2002).   
 
3.1.2 COSMO-RS Development and Applications 
COSMO-RS is a rapidly developing thermodynamic property estimation method 
because it does not require experimental data.  COSMO-RS can be used to predict 
thermodynamic properties such as the vapor-liquid equilibrium (VLE) (Spuhl & Arlt, 
2004), density and molar volumes (Palomar, Ferro, Torrecilla, & Rodriguez, 2007), 
vapor pressure and enthalpy of vaporization (Diedenhofen, Klamt, Marsh, & Schafer, 
2007; Lin, Chang, Wang, Goddard, & Sandler, 2004), flash point (Vidal, Rogers, & 
Mannan, 2006), partition coefficient (Buggert, Mokrushina, Smirnova, Schomacker, 
& Arlt, 2006; Mokrushina, Buggert, Smirnova, Arlt, & Schomacker, 2007).  The 
COSMO-RS applications are also extended to the ionic liquid (Banerjee & Khanna, 
2006; Banerjee, Singh, & Khanna, 2006; Diedenhofen, Eckert, & Klamt, 2003). The 
following give details of the above applications. 
 
3.1.2.1 Application in Predictions of Vapor-liquid Equilibrium 
Spuhl and Arlt (2004) studied COSMO-RS to calculate the vapor-liquid equilibrium 
of 136 binary systems, including compounds commonly used in the chemical 
industry, such as alkanes, alkenes, cycloalkanes, alcohol , ethers, ketones, and 
aldehydes.  The results suggested that the experimental data agreed well with the 
predicted results of COSMO-RS, since the deviations of the activity coefficient and 
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system pressure were smaller than 5%.  The predictions for non-associating liquid 
systems such as alkane-alkane and ketone-ether, predictions were basically the same 
with experimental results; while for systems with different polar functional groups, 
have potential to interact with each other, the predicted results were less accurate. 
Initially, COSMO-RS model was designed for normal neutral molecules, but studies 
proved that the model could also predict properties of ionic systems.  Diedenhofen et 
al. (2003) used COSMO-RS to calculate the infinite dilution activity coefficient of 38 
common chemicals which contain alkanes, alkenes, alkyl-benzenes, alcohols, polar 
organics and chloromethane in four kinds of ionic liquids which are 1-methyl-3-
ethylimidazolium bis(trifluoromethylsulfonyl)imide, 1,2-dimethyl-3-
ethylimidazolium bis(trifluoromethylsulfonyl)imide, and 4-methyl-N-butylpyridinium 
tetrafluoroborate and the results showed that the accuracy of COSMO-RS for 
predicting in ionic liquid systems is similar to the usual organic systems.  Banerjee et 
al. (2006) used COSMO-RS to predict binary VLE for 13 systems, as well as for five 
imidazolium ionic liquids, benzene, cyclohexane, acetone, 2-propanol, water, 
tetrahydrofuran systems, and the predictions are compared with  the results calculated 
by Wilson (Wilson, 1964) using the non-random two-liquid model (NRTL) (Renon & 
Prausnit.Jm, 1968) and the extended universal quasichemical  (UNIQUAC) (Abrams 
& Prausnitz, 1975) models respectively where the root mean square deviations 
(RMSD) of predicted pressure are 6% for COSMO-RS and 4%, 1.45%, 3.13% 
respectively for the rest of the three models. Although RMS of COSMO-RS model are 
relatively larger than the other three models, the RMS of the COSMO-RS model are 
still in the expected range of accuracy for a priori predictions; they also predicted the 
infinite dilution activity coefficient of trihexyltetradecyl phosphonium ionic liquids, 
compared with measured values for guiding separation of aliphatic and aromatic 
compounds (Banerjee & Khanna, 2006). 
 
3.1.2.2 Application in Predictions of Density and Molar Volumes 
Palomar et al. (2007) used the COSMO-RS method to predict the density of 40 kinds 
of imidazole ionic liquids along with their density and molar volumes and these ion-
paired structures are consisting of the cations 1-methyl- (Mmim+), 1-ethyl- (Emim+), 
1-butyl- (Bmim+), 1-hexyl- (Hxmim+), 1-octyl-3-methylimidazolium (Omim+)  and 
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the anions chloride (Cl-), tetrafluoroborate (BF4-), tetrachloroferrate (FeCl4-), 
hexafluorophosphate (PF6-),bis(trifluoromethanesulfonyl)imide (Tf2N-), methylsulfate 
(MeSO4-), ethylsulfate (EtSO4-), and trifluoromethanesulfonate (CF3SO3-).  The 
results indicated that the predictions and experimental data were in agreement, since 
the root-mean square difference (RMSD) was smaller than 1.8%, which showed the 
capability of COSMO-RS to describe volume properties of these ionic liquids anionic 
and cationic substituents.  The liquid molar volumes predicted by COSMO-RS 
method were highly accurate, indicating that the ion-pair model can accurately 
describe intermolecular interactions of the pure ionic liquids. Ion pairs’ σ-profiles can 
be quantitatively expressed by both anionic and cationic substituents volume in ionic 
liquid; the charge distribution area value from the σ-profile can be used as a simple 
molecular parameter to characterize the contribution of ions to the volumetric 
properties of ionic liquids, which can be applied to design ionic liquid solvents with 
special purposes (Palomar et al., 2007). 
 
3.1.2.3 Application in Predictions of Vapor Pressure and Enthalpy of Vaporization 
Lin et al. (2004) used the COSMO-RS model to estimate vapor pressure and enthalpy 
of vaporization of 371 compounds such as alkanes, alcohols, ketones, acids, amines 
and alkenes under normal boiling temperature.  Their results indicated that the overall 
average deviation of all the compounds is 76% for vapor pressure while overall 
RMSD for the heat of vaporization is 4.81 kJ/mol using temperature-independent 
parameters.  Diedenhofen et al. (2007) used the COSMO-RS method to calculate 
vapor pressure and enthalpy of vaporization of a series of ionic liquids which contains 
1-n-alkyl-3-methylimidazolium-bis-(trifluoromethanesulfonyl) amides, and the 
conclusion was that the predicted enthalpies of vaporization and experimental results 
were in good agreement; while the COSMO-RS method underestimated the vapor 
pressure of ionic liquids. 
 
3.1.2.4 Application in Predictions of Flash Point 
The flash point of a volatile liquid is the lowest temperature at which the liquid can 
vaporize to form an ignitable mixture with air and flash point determines the fire and 
explosion properties of liquids (Crowl & Louvar, 2002).  The flash point of a mixture 
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is lower than the flash point of the individual components, therefore the minimum 
flash point behavior (MFPB) is very important to distinguish since using the flash 
point of components in the mixture as the flash point of such a mixture can be very 
dangerous (Liaw et al., 2003).  Vidal et al. (2006) proposed an estimation method to 
calculate flash point of binary mixtures based on COSMO-RS and used it to predict 
the flash point of methanol-water and ethanol-water; compared with experimental 
results to prove octane-ethanol and octane-1-butanol mixtures having MFPB.  
 
3.1.2.5 Application in Predictions of Partition Coefficient 
COSMO-RS has also been used to predict the partition coefficient of a solute in a 
variety of complex solvent systems.  Buggert et al. (2006) used COSMO-RS to 
predict solute partition in a water-surfactant (non-ionic surfactant) solution; and the 
results showed that the COSMO-RS method underestimated the concentration of the 
solute in the aqueous phase when the solvent system included micelles, since 
COSMO-RS does not take into account the micelle volume; however COSMO-RS 
accurately predicted octanol-water partition coefficients of solutes, which indicated in 
the above system that COSMO-RS described molecular interactions well. In the 
future, applications of COSMO-RS can be extended by adding interfacial interactions. 
In the pharmaceutical industry and product separation via biosynthesis, the partition 
of bioactive substances in the polar phase and non-polar phase is important for the 
design of drugs and drug carriers.  Mokrushina et al. (2007) used the COSMO-RS and 
UNIFAC models to predict micelle-water partition coefficient, the systems including a 
series of homogeneous solutions which formed by combining organic solutes with 
non-ionic (polyethoxy alcohols) and the ionic surfactant SDS (sodium dodecyl 
sulfate) in the aqueous phase; the predicted and experimental results were highly 
correlated.  One of the key conclusions from this manuscript was the effect factors on 
the results, including the interfacial contribution and configuration analysis. 
 
3.1.3 Comparison COSMO-RS with Group Contribution Methods 
COSMO-RS, when compared with group contribution models, is indispensable 
(Klamt & Eckert, 2000; Lin & Sandler, 2002).  There are a number of published 
manuscripts that aim to compare experimental data with the theoretical predictions.  
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For examples, a group of researchers from the Helsinki University of Technology 
predicted VLE data, containing activity partition coefficients and phases behavior of 
some binary systems by using COSMO-RS models and other group contribution 
models and compared with experimental VLE data which showing on Table 3.1. 
 
Table 3.1: Comparison of predicted and experimental VLE data for binary systems.  
Authors Systems Models Results 










The accuracy of predicted 
VLE data by COSMO-RS and 
UNIFAC are relativity good in 
terms of activity partitions and 
average absolute pressure 
residuals(|Δp|) 









The accuracy of predicted 
VLE data by COSMO-RS are 
slightly better comparing with 
UNIFAC (Do), while UNIFAC 
gave unsatisfactory results in 













The accuracy of predicted 
VLE data by COSMO-RS are 
better than UNIFAC (Do) and 
UNIFAC, except for butane + 
1-butanol system which is 
better estimated by UNIFAC 
(Do) in terms of activity 
coefficients and  |Δp| 
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The comparisons summarized in Table 3.1 were only tested in limited numbers of 
systems; comparison results do not have universal significance.  Grensmann and 
Gmehling (2005) performed a comprehensive comparison between the COSMO-RS 
approach and group contribution models such as UNIFAC, UNIFAC (Do), UNIFAC 
(Ly) and the analytical solutions of groups (ASOG) (Tochigi, Tiegs, Gmehling, & 
Kojima, 1990) for predicting 1362 VLE, 8192 excess enthalpy of mixtures,  and 
14550 infinite dilution activity coefficients to ascertain how reliable the COSMO-RS 
model could be; and for the group contribution methods using large data sets from the 
Dortmund Data Bank (DDB).  Table 3.2 shows the results of the comparison and the 
results showed that much more reliable results were predicted by group contribution 
models, especially the UNIFAC (Do) model, based on experimental data. 
 
Table 3.2: Absolute and relative deviations between experimental and predicted VLE, 
enthalpies of mixtures and infinite dilution activity coefficients (Grensemann & Gmehling, 
2005). 
Models VLE - in terms of vapor 
phase composition 


























UNIFAC 1.45  1.94 332 66.5 4.66 26.6 
UNIFAC 
(Do) 
0.94  1.35 134 32.2 2.94 16.2 
UNIIFAC 
(Ly) 
1.23  1.70 177 46 4.88 24.3 
ASOG 1.46  2.09 580 164 4.11 30.3 
COSMO-
RS 
1.89  2.85 279 60.1 4.65 29.4 
 
Although the predictions of COSMO-RS are less accurate than the results of group 
contribution methods UNIFAC and UNIFAC (Do), COSMO-RS only requires eight 
general parameters such as aeff – effective contact surface area between two segments 
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and cHB – the hydrogen bond strength, which, compared with 168 parameters of 
UNIFAC and 612 parameters of UNIFAC (Do), are much simpler (Klamt et al., 
1998).  The UNIFAC and UNIFAC (Do) models cannot be used in the absence of 
intermolecular interaction parameters, in this case, the superiority of COSMO-RS 
model has manifested. 
 
3.2: Determination Partition Coefficient of Xylooligosaccharides by COSMO-RS 
To calculate the partition coefficient of a solute in a solvent system using the 
COSMO-RS model, the σ-profiles of solutes and solvents must be known in order to 
obtain the chemical potential and infinite dilution activity coefficient.  The commom 
σ-profiles of solvents can be found on the σ-profile database within COSMOthermX 
(Version C3.0, COSMOlogic GmbH & Co. KG, Germany) software, and while σ-
profiles of xylooligosaccharides have not yet been calculated, one of the aims of this 
thesis is to use Hyperchem (Release 8.0, Hypercube Inc. USA), TmoleX (Version3.4, 
COSMOlogic GmbH & Co. KG, Germany), and COSMOthermX to determine the the 
σ-profiles of two specific XOS – xylobiose and xylotriose.  Figure 3.2 illustrates the 
scheme used to calculate the σ-profile of a compound, as well as the chemical 
potential and infinite dilution activity coefficient.  
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3.2.1 Generate Structures and Conformational Search 
The calculations performed during the COSMO-RS modeling are based on the 
structure of the compound, which means that the conformers (which are any of a set 
of stereoisomers characterized by a conformation that corresponds to a 
distinct potential energy minimum) of each compound will have a significant effect 
on the accuracy of COSMO-RS calculations (Buggert et al., 2009).  The first step in 
the COSMO-RS calculation is to generate structure and conformations of the 
compound of interest; this is accomplished using Hyperchem to generate the structure 
based on the Molecular Mechanic + (MM+) force field and then searching the 
conformations of compounds in a vacuum.  The MM+ is a specific force field that is 
implemented in Hyperchem, which was derived from Allinger (1977) MM2, using 
more recent MM2 parameter sets (Gundertofte, Palm, Pettersson, & Stamvik, 1991). 
When compared to the original MM2, MM+ is extended to include molecular 
dynamics calculations.  The number of the conformers for each compound is based on 
the size and complexity of the compound and is most greatly affected by the 
parameters set for conformational search.  The parameters to choose from include the 
energy range and the Root-Mean-Square. In this study, an energy range from 0.05 
kcal/mol to 3 kcal/mol and Root-Mean-Square (RMS) error range of 0.25 Å to 2 Å 
were the set parameter ranges for the conformational search. Figure 3.3 displays the 
structure of 1, 4-D-Xylobiose and one of its conformers drawn by the Hyperchem 
software program, where carbon atoms are blue, oxygen atoms are red and hydrogen 












Figure 3.3: The structure of two conformers of 1, 4-D-xylobiose as depicted Hyperchem.  The 
blue compounds are carbon, the red are oxygen and the white are hydrogen.   
 
3.2.2 Generate 𝜎𝜎-profile and Activity Coefficient 
The structure of xylooligosaccharides contain many conformers, each of which needs 
to be screened for charge density.  The screening charge density can be calculated 
using the TmoleX software program, which applies density functional theory (DFT), 
Becke Perdew (B-P) functional and triple zeta valence polarized (TZVP) basis set 
(Schafer, Klamt, Sattel, Lohrenz, & Eckert, 2000).  The DFT is a computational 
quantum mechanical modelling method to compute the electronic structure of matter 
which can be applied to not only atoms, molecules, and solids but also condensed 
phases (Jones & Gunnarsson, 1989).   B-P is one of DFT models proposed by Becke 
(1988) and TZVP is a basis set for molecular calculations and developed by the 
Arlrichs group (Peintinger, Oliveira, & Bredow, 2013).  In this study, BP-TZVP is 
uesed in TmoleX software which means B-P functional for DFT calculations with a 
TZVP basis set. TmoleX uses Equation 3.1 to calcualte the average screening charge 
density σm of a standard segment with original screening charge densities σn∗  and 
average radius reff (Klamt et al., 1998).   
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    (3. 1) 
 
Where σm is the average screening charge density of segment m, the summation is 
over n segments from the TmoleX calculation, reff is the effective average radius of 
standard segment, rn is radius of segment n, and dmn is the distance between segment 
m and n.    
Next, the average screening charge density was calculated to get the σ-profile of 
compound i –pi(σ) by Equation 3.2 (Mullins et al., 2006): 
 
   𝒖𝒖𝑪𝑪(𝝈𝝈) = 𝑪𝑪𝑪𝑪(𝝈𝝈)
𝑪𝑪𝑪𝑪
       (3.2) 
 
where ni(σ) is the number of the segments which have a screening charge density of 
σ and ni is the total amount of the segments.  The σ-profile represents the probability 
distribution of the compound i surface segment with screening charge density σ. 
Figure 3.4 displays the σ-profiles of a single conformer of xylobiose generated by 










Figure 3.4: The 𝛔𝛔-profile of one conformer of xylobiose generated by TmoleX, shows the 
frequency of charge densities in the conformer.  
 
For the σ-profile of a mixture S, which consists of several compounds, ps(σ) can be 
built by adding the pi(σ) of the components weighted by their mole fraction xi in the 





             (3.3) 
The next step is to use the σ -profile to calculate the chemical potential (µi) in order to 
determine the activity coefficient (σi) of each compound of interest.  The chemical 
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potential μi is determined using COSMOthermX software which uses Equation3.4 for 
the calculation (Klamt et al., 1998). 
 








Where aeff is the effective contact area between two surface segments, σ and σ' are 
screening charge density of two interacting surface segments; Emisfit is electrostatics 
energy and EHB is hydrogen bonding energy which are expressed by Equation3.5 and 
3.6 separately below (Klamt et al., 1998) 
 
   𝑬𝑬𝒎𝒎𝑪𝑪𝒑𝒑𝒇𝒇𝑪𝑪𝑪𝑪(𝝈𝝈,𝝈𝝈′) = 𝑪𝑪𝑪𝑪𝒇𝒇𝒇𝒇
𝜶𝜶′
𝟐𝟐
(𝝈𝝈 + 𝝈𝝈′)𝟐𝟐    (3. 5) 
 
𝑬𝑬𝑯𝑯𝑩𝑩(𝝈𝝈,𝝈𝝈′) = 𝑪𝑪𝑪𝑪𝒇𝒇𝒇𝒇𝑪𝑪𝑯𝑯𝑩𝑩𝒎𝒎𝑪𝑪𝑪𝑪 �𝟎𝟎;𝒎𝒎𝑪𝑪𝑪𝑪(𝟎𝟎;  𝝈𝝈𝒅𝒅𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪 + 𝝈𝝈𝑯𝑯𝑩𝑩)𝒎𝒎𝑪𝑪𝒆𝒆�𝟎𝟎;𝝈𝝈𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝒖𝒖𝑪𝑪𝑪𝑪𝑪𝑪 −
                𝝈𝝈𝑯𝑯𝑩𝑩��                                                                                                                                   (3. 6) 
 
Where α' is an interaction parameter, cHB is the hydrogen bond strength, σHB is the 
threshold for hydrogen bonding σdonor and σacceptor are screening charge density of 
contact pair segments. Emisfit is described as the function of the screening charge of 
two interacting surface segments σ and σ'; while EHB is described as the function of 
two interacting surface segments σdonor and σacceptor if the segments are located on a 
hydrogen bond donor or acceptor atom. 
Then the activity coefficient of solute i infinitely diluted in solvent m – γm
∞,i can be 
derived from chemical potential μi as Equation3.8 in software COSMOthermX 
(Klamt, 1995): 
 





)       (3. 7) 
Where µmi  is the chemical potential of solute i in a solvent, m, and µii is the chemical 
potential of the pure compound i. 
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3.3: Selection of Potential Solvent Systems 
Choosing the appropriate solvent system for xylooligosaccharides separation in CPC 
is crucial and there are a multitude of solvents to choose from.  Due to the wide 
variety of possible solvent systems, a systematic process for solvent selection will aid 
in reducing solvent system selection time.  Using traditional experimental method is 
very costly in terms of both time and resources.  The use of COSMO-RS can decrease 
the solvent system selection time by granting a user access to properties such as solute 
solubility, partition coefficient, and separation factor which are relevant in 
determining the solvent system for CPC separation. 
 
3.3.1 Capacity as a Qualitative Measure of Solubility  
Solubility of solute in a solvent is useful for the selection of a solvent system, 
however data regarding the solubility of xylooligosaccharides in different solvents is 
not currently available in the literature and individual solvent testing can be time and 
resource consuming.  The precise value of the solubility is not necessary, since it is 
only necessary to know if the target solute is poorly or freely soluble in the selected 
solvent.  The capacity of the solute in the solvent can be used to determine the 
solubility of the solute of interest in a particular solvent. The capacity is a qualitative 
measure of solubility, namely the solubility of solute will be higher in a solvent with 
higher capacity than the solubility in another solvent with lower capacity. Equation3.8 
can be used to calculate the capacity, Cmi  (Thornton, 1992): 
 
   𝑪𝑪𝒎𝒎𝑪𝑪 =
𝟏𝟏
𝜸𝜸𝒎𝒎
∞,𝑪𝑪     (3. 8) 
 
The activity coefficient of solute,γm
∞,i, is calculated by COSMO-RS according the 
Equation3.7.   
 
3.3.2 Estimation of Partition Coefficient 
The partition coefficient, KD, is defined as the ratio of the compound’s concentration 
in the stationary phase to its concentration in the mobile phases at equilibrium, and 
was defined by Equation 2.1 in Chapter 2.  The molar fraction of a compound has a 
reciprocal relationship with the activity coefficient, and molar fraction can be 
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converted to molar concentration by multiplying molar volumes of solvents; which 
means that the partition coefficient can also be expressed in terms of the activity 
coefficient as shown in Equation 3.9 (Hopmann, Arlt, & Minceva, 2011).  
 






∞,𝑪𝑪 ∗  
𝒗𝒗𝒎𝒎
𝒗𝒗𝒑𝒑
     (3. 9) 
 
Where vm is the molar volume of the mobile phase and vs is the molar volume of 
stationary phase. 
If the excess volume of mixing can be ignored, the vm and vs can be approximated as 
the sum of the molar volumes of each pure compound in each phase.  The molar 
volume of a pure compound, j (vj) was found in the Design Institute for Physical 
Properties database (Daubert, 1989).  KD can now be expressed in terms of molar 
volumes and mole fractions as shown in Equation 3.10 (Hopmann et al., 2011). 
 









        (3. 10) 
 
Where xm
j  is the molar fraction of pure compounds j in mobile phase and xs
j  is the 
molar fraction of pure compounds j in stationary phase.  
In summary, to estimate the partition coefficient of target solute in solvent system by 
COMO-RS only the molecular structure of solute and the composition of each solvent 
phase are required. 
 
3.3.3 Prediction of Separation Factor 
The objective of CPC separation of xylooligosaccharides is not only to isolate xylose 
oligomers from mixtures, but more importantly, to separate different oligomers from 
each other.  To express how well the components can be isolated from each other, the 
separation factor, α, is used.  The separation factor is defined as the ratio of partition 
coefficient of two components in the mixture. The separation factor is commonly 
expressed in terms of the partition coefficient, but as shown by Equation3.10, it 
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should also be able to be expressed in terms of the activity coefficient.  Equation 3.11, 
a combination of Equations, 2.2 and 3.10, shows how to calculate the separation 
factor in terms of both partition coefficient and activity coefficient.  
 



























∞,𝐁𝐁 ,𝒍𝒍𝒑𝒑𝑪𝑪𝑪𝑪𝑪𝑪 𝑲𝑲𝑨𝑨  >  𝑲𝑲𝑩𝑩 (3. 11) 
 
The αA/B is used to determine how well compound A will be isolated from compound 
B.  The greater αA/B, the better separation, which means the solvent system has high 
selectivity for compound A and B.  Generally, α should be greater than 1.5 for a 
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CHAPTER 4: MATERIALS AND METHODS 
 
4.1: Chemicals 
The chemicals obtained for use in the experiments for this project are as follows.  
Xylose (DP1) (purity ≥ 99%), acetonitrile, diethyl ether, dibutyl ether were obtained 
from Sigma-Aldrich (St. Louis, MO).  Xylobiose (DP2) (purity ≥ 90%) and xylotriose 
(DP3) (purity ≥ 95%) were purchased from Megazyme (Wicklow, Ireland).  Heptane 
was purchased from Alfa-Aesar (Ward Hill, MA).  Hexanes were purchased from J.T. 
Baker (Philllipsburg, NJ).  Ethanol was purchased from Pharmco-Aaper (Shelbyville, 
KY). Acetone, n-butanol, 1-propanol, dichloromethane and methanol were purchased 
from MACRON Fine Chemicals (Center Valley, Pennsylvania).  Water was deionized 
in-house.  All solvents were of HPLC grade. 
 
4.2: Equipment 
HPLC analyses were performed on a Waters e2695 separation model equipped with a 
Waters 2414 Refractive Index (RI) Detector.  An Agilent Technology 7820A system 





4.3.1 HPLC Analysis 
The xylose, xylobiose, and xylotriose were analyzed and quantified by HPLC using a 
Micro-Guard De-Ashing pre-column and Aminex HPX-87H column (300 x 7.8 mm, 9 
µm particle size, Bio-Rad, Hercules, CA) set to 80°C.  The mobile phase was 
comprised of 0.005M H2SO4 and the flow rate were set as 0.2 ml/min.  The xylose, 
xylobiose and xylotriose were quantified by using the peak area generated from 
calibration curves, and each compound was calibrated at six pre-determined 
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concentrations (1 g/L, 0.5 g/L, 0.25 g/L, 0.125 g/L, 0.0625 g/L, and 0.03125 g/L).  
Each sample was injected at 50 µl  and the run time was set to 20 minutes.. 
 
4.3.2 Determination of the Solubility  
The solubility of xylose at 22°C in selected solvents, with the solvents tested 
displayed in Table 4.1, was determined via an oversaturated method.  The xylose was 
added to selected solvents until over-saturation (which means you can see solid 
undissolved) was reached.  Then the oversaturated solutions were put in an agitated 
water bath set to 22 ± 2°C and for 24 h.  Then the precipitate in the solutions was 
removed using a 0.45-µm PTFE syringe filter (VWR International, West Chester, PA) 
and 0.1 ml sample of each filtrate was evaporated by SPD2010 SpeedVac (Thermo 
Fisher Scientific Inc. Waltham, MA) at 70°C for 30 min.  The dried solutes from 
solutions were dissolved in 10 ml water and then each sample was filtered by 0.2-µm 















Table 4.1: Selected solvents, categorized into seven different groups, tested for xylose 










Ether Diethyl ether 
Dibutyl ether 
Dipolar aprotic Acetonitrile 
water Water 
 
4.3.3 Determination of Phase Composition 
To determine the composition of the solvent in each phase, the selected solvent 
systems, made to 10 mL, contained heptane, acetonitrile and one of n-butanol, 1-
propanol, ethanol or methanol (as shown in Table 4.2) was prepared in a tube at room 












Table 4.2: Selected ternary biphasic solvent systems at 22 ± 2°C and resulting upper and 














9:4:5 0.5:0.22:0.38 0.8 29 
7:4:7 0.39:0.22:0.39 0.38 21 






10:5:7 0.45:0.23:0.32 0.58 20 
5:2:3 0.5:0.2:0.3 0.81 15 
Heptane/ethanol/acetonitrile 9:5:3 0.53:0.29:0.18 0.55 20 
13:5:3 0.62:0.24:0.14 1.22 17 
13:3:2 0.72:0.17:0.11 3.5 13 
Heptane/methanol/acetonitril
e 




10:5:1 0.63:0.31:0.06 1.14 5 
 
The tube was mixed using a vortex genie for 3 min and allowed to settle for 2h until 
equilibrium was attained.  Then 1.5 ml of each phase was removed and added to a GC 
vial and analyzed by GC using an Agilent HP-5 column (30 m x 0.32 mm x 0.25 µm, 









Table 4.3: Conditions used for GC analysis of solvents to determine upper and lower phase 
compositions. 
Condition Value 
Oven initial temperature 45°C 
Oven initial time 2 min 
Oven ramp rate 20°C/min 
Oven final temperature 70°C 
Total run time 3.25 
Equilibration time 3 min 
Inlet mode Split 
Inlet temperature 200 
Inlet pressure 8.50 psi 
Split ratio 20:1 
Split flow 35.6 ml/min 
Average velocity 30.125cm/sec 
Carrier gas Helium 
Back detector Flame ionization detection (FID) 
FID temperature 250°C 
FID gas flow Hydrogen 30 ml/min, air 400 ml/min 
FID makeup gas Helium 
Makeup gas flow 25 ml/min 
 
To calibrate the GC, each of the solvents – heptane, acetonitrile, n-butanol, 1-
propanol, ethanol and methanol – was made up at the following volume percent with 
dichloromethane as the makeup solvent: 1, 2, 5, 10, 15, 25, 45, 65, 85 and 100%.  The 
procedure was replicated three times for each solvent and then each sample was 
injected twice and averaged to obtain a total of six calibration points per level.  To 
ensure linear calibration curves for the given range (1 to 100%) 10 levels, repeated 3 
times each, were required. The split mode was chosen to ensure that the maximum 




4.3.4 Experimental determination of partition coefficients – the shake flask method 
The shake flask method was used to experimentally determine the partition coefficient 
of xylose, xylobiose and xylotriose at room temperature (22±2°C).  All the selected 
solvent systems (as shown in Table 4.2) were prepared to 20 ml each in a 50 ml 
centrifuge tube.  Once the solvent system was prepared and equilibrated, 10 mg 
xylose was added to each solvent system.  Due to the high cost of xylobiose and 
xylotriose standards ($200/50mg),  the partition coefficients was only determined 
using the three heptane/n-butanol/acetonitrile systems (Table 4.2).  The partition 
coefficient of xylose was determined for all solvent systems and only the optimal 
systems were used to also text the xylobiose and xylotriose.  With the three heptane/n-
butanol/acetonitrile systems, 10mg xylose, 5mg xylobiose and 5mg xylotriose were 
added during the second round of testing.  Then the contents of the test tubes were 
mixed using a vortex genie for 3 min and then sonicated in a standard ultrasonic bath 
for 20 min.  The tubes were then allowed to settle for 2h until equilibrium was 
attained.  Then 4 ml of upper phase and 1ml of lower phase were removed and each 
placed in an individual 8 ml glass test tube (give size of tube here) and dried by 
SpeedVac for 1h at 70°C.  The dried solute was reconstituted with 1ml 0.005M H2SO4 
and quantitatively analyzed by HPLC.  Finally, the partition coefficient of the solute 
was be calculated as shown by Equation 2.1 in Chapter 2.  Figure 4.1 illustrates the 
procedure of shake flask method to measure partition coefficient of xylose in this 
study and the procedure was the same for measuring partition coefficients of 





Figure 4.1: Shake flask method used to determine the partition coefficient, KD, of xylose, 
xylobiose, and xylotriose in the solvents systems shown in Table 4.2. 
 
4.3.5 Theoretical Determination of Partition Coefficients – the COSMO-RS method 
Chapter 3 discussed the COSMO-RS theory and the procedure to calculate the 
partition coefficient of target compound in solvent system. According to the Equation 
3.9 and 3.10, to obtain partition coefficient of compounds, the parameter should by 
calculated is the infinite diluted activity coefficient - γm
∞,i of target compound in 
solvents or solvent systems. And the infinite diluted activity coefficient is predicted 
by COSMO-RS method using three software – Hyperchem, TmoleX and 
COSMOthermX. The step-by-step instructions for use of the three software to obtain 
the infinite diluted activity coefficient of solute is given in the Appendix. 
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CHAPTER 5: RESULTS AND DISCUSSIONS 
 
5.1: Procedure for Selection of Ternary Biphasic Liquid-liquid Solvent Systems for 
Xylooligosaccharides CPC Separation 
 
Hopmann et al. (2011) proposed a procedure for selection of a solvent systems for a 
target compound separation in CPC by COSMO-RS method which is based on the 
“best solvent” approach method proposed by Foucault & Chevolot (1998) as 
previously mentioned in Chapter 1.  In this study, the procedure was revised to be 
used for selection possible solvent systems for xylooligosaccharides CPC separation. 
The xylose, xylobiose and xylotriose have similar structure and physico-chemical 
properties to one another; and according to Lau et al. (2013) the partition coefficients 
of xylose have the same tendency with partition coefficients of xylobiose and 
xylotriose which means the relatively better solvent systems for xylose also better for 
xylobiose and xylotriose.  Due to the expense of xylobiose and xylotriose standards, 
first only xylose is considered for selection of potential solvent systems and then ran 
all three compounds in the three best potential solvent systems.  The three criteria that 
are considered during optimal solvent selection are: 
1) Minimal experiments should be used during the selection of potential solvent 
systems. 
2) The safety and properties of the solvents should be considered. 
3) The other parameters of solvent systems like upper/lower phase ratio should 
be considered.  
Generally, the first objective can be achieved by using theoretically method to 
calculate the partition coefficients of target compounds; in this study the COMSO-RS 
model – described in Chapter 3 – was used.  For the second objective, the selected 
solvents should be less harmful to human and also the environment.  Thirdly, the final 
selected solvent systems should have relatively reasonable upper/lower phase ratio 




Figure 5.1:  COSMO-RS method for selecting possible solvent systems for separating 
xylooligosaccharides via CPC. 
 
5.1.1 Selection of Relatively “Good” Solvents for Xylose 
As mentioned, the partition coefficient of solvent system is the key factor for selection 
of solvent systems for CPC separation.  The solubility of target compound in solvent 
system is also an important factor for CPC separation.  In this case, according to the 
“best solvent” approach method, the first step (see Figure 5.1) is to select a relatively 
‘good’ solvent for xylose; meaning that a solvent should be selected where xylose has 
relatively high solubility and then the remaining solvents are chosen to create a two-
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phase system, generally with a more polar solvent and a less polar solvent that the 
‘good’ solvent can partition between (Foucault & Chevolot, 1998). 
The experimental data of solubility of xylose in different solvents is limited and the 
experimental method to determine the solubility of xylose can be costly and time 
consuming.  
In this case, the capacity of xylose in solvents, calculated using Equation 3.8, can be 
used as a qualitative measure of solubility of xylose in solvents. In order to exam the 
accuracy of capacity of xylose calculated by COMOS-RS to represent solubility, the 
estimated capacity in solvents of seven common CPC solvent groups (shown in Table 
4.1), while acid groups are not included since acid can react with 
xylooligosaccharides, was compared with the experimental solubility, shown in Table 
5.1. 
 
Table 5.1: Comparison of the experimentally (23 ± 2 ˚C) determined solubility and predicted 
(23 ˚C) capacity of xylose in seven different solvent groups. 
Classification Solvent Ci Solubility (g/L) 
Alcohol Ethanol 1.1510 5.52 ± 0.01 
n-Butanol 0.3942 2.41 ± 0.01 
Ester Ethyl acetate 0.1981 0.28 ± 0.01 
Butyl acetate 0.0655 0.08 ± 0.01 
Ketone Acetone 4.1281 0.21 ± 0.01 
Butanone 1.7144 0.41 ± 0.01 
Hydrocarbon Hexane 0.0001 0 ± 0.01 
Heptane 0.0001 0 ± 0.01 
Ether Diethyl ether 0.1656 0.21 ± 0.01 
Dibutyl ether 0.0614 0 ± 0.01 
Dipolar aprotic Acetonitrile 0.2255 0.61 ± 0.01 
Water water 0.1209 550 ± 0.01 
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Using Table 5.1, it can be determined that the solubility of xylose in water or in the 
ketone group is not in agreement with the computational data.  For water, the 
predicted capacity is quite low which means the solubility should also be relatively 
low, while the experimental determined that solubility of xylose in water is the highest 
(over 100 times greater) out of all other solvents tested.  This situation might be 
caused by water has many hydronium ions while xylose have five hydroxide, in this 
case, the hydrogen bond will be easily formed and this leads xylose easily dissolve in 
water.  And for ketones, the situation is opposite; the experimental solubility is 
relatively small while the predicted capacity is the highest in all groups.  The reason 
might be that ketones have a carbonyl group which connects with two other carbons, 
and this structure could be difficult to form a connection with the xylose molecule, 
which cause very low solubility in experimental data. 
Since water and ketone group cannot be predicted accurately by COSMO-RS model, 
only the remaining five solvent groups would be considered.  Figure 5.2 shows the 




Figure 5.2: Comparison of the experimentally (23 ± 2 ˚C) determined solubility and predicted 
(23 ˚C) capacity of xylose in five different solvent groups. 
 
 
From the results shown in Figure 5.2, for either of the capacity or solubility of xylose 
in solvents, the following conclusion can be made. Namely, for Xylose, the order of 
the solubility in different solvent groups from the lowest to the highest is: 
hydrocarbons < ethers ≈ esters < acetonitrile <alcohols, and for the capacity from 
lowest to highest is: hydrocarbons < ethers ≈ esters < acetonitrile < alcohols. The 
estimated capacity and experimental data show the same tendency.  The results from 
predicted capacity shows that the hydrocarbons, ethers, esters and acetonitrile should 

































results.  Figure 5.2 also shows that the solubility of xylose in alcohols is relatively 
high (within the range between 2 and 6 g/L) and the estimated capacity in alcohols is 
also higher than other groups, which means the alcohols can be deemed as relatively 
good solvents for xylose.  
In summary, the capacity calculated by COSMO-RS of xylose can be used as a 
qualitative measure of the xylose solubility in most chemical groups except for water 
and ketones. 
 
 5.1.2 Selection from a Pool of Solvents 
From the aforementioned results, potential solvents can be selected from 
hydrocarbons, ethers, esters, alcohols and acetonitrile, which means that only non-
aqueous solvent systems will be considered.  The number of possible solvents in the 
listed groups is numerous, it is impossible to consider all of them to be the potential 
solvents for formatting solvent systems for CPC separation.  Hence, the other factors, 
such as toxicity of the chemicals should be considered to make the choice. 
Generally, the choice of solvent follows these three restrictions:  
1) The solvent should not be dangerous to people and environmental such as it 
should be less toxic, less flammable, stable and inert (not react with 
xylooligosaccharides) (Capello, Fischer, & Hungerbuhler, 2007) 
2) The solvent should not be too costly to purchase at a high purity level. 
3) The solvent should easily evaporate to be recovered, meaning that it should 
have relatively low boiling point and high vapor pressure (Wewers, Dingenen, 
Schulte, & Kinkel, 2005).  
According to these restrictions, Table 5.2 shows the selected solvents with reasonable 
boiling point, vapor pressure, harmonization level and flammable limit and these 









Table 5.2: A pool of selected solvents with their relative properties (Dunn et al., 2010). 
Solvent Boiling point 
(˚C) 
Vapor pressure 
at 25 ˚C (bar) 
ICH-Class Flammable 
limit (vol. %) 
Heptane 98 0.053 3 1.0-6.0 
Ethyl acetate  77 0.126 3 2-12 
n-Butanol 118 0.009 3 1.4-11.3 
1-Propanol 97 0.028 3 2-18.8 
Ethanol 78 0.079 3 3.4-19 
Methanol 65 0.169 2 5.4-44 
Acetonitrile 
(ACN) 
82 0.118 2 3-16 
 
Harmonization of the solvents was acquired from the International Guidelines for 
Harmonization (ICH-Guideline Q3C Impurities: Residual Solvents).  In Table 5.2, the 
ICH-Class is listed and is used to classify the harmonization of the solvents 
(Hopmann et al., 2011).  Harmonization refers to the toxicity and safety level of the 
solvent.  The ICH-Class level 1 solvents are very toxic and should not be used. The 
ICH-Class level 2 solvents have toxicity (within what range) and should be used in 
limited amounts.  While the ICH-Class level 3 solvents are low toxic and have low 
harmful to human and environment.  According to ICH-Class rule, the level 1 solvents 
should not be considered and level 3 solvents should be considered first, while level 2 
solvents could be considered but are not the preferred choice. 
The pool of solvents in Table 5.2 obeys most of the restrictions mentioned except for 
methanol and acetonitrile (ACN), which are in ICH-Class 2. So for the future study, 
this selected pool can be extended and modified according to the mentioned 
restrictions. 
 
5.1.3 Selection of Possible Solvent Systems  
After selecting a pool of solvents to study, the next step is the selection of possible 
solvent systems.  Firstly, the relatively ‘good’ solvents for xylose must be selected 
from the pool.  Figure 5.3 shows the normalized capacity of xylose in the selected 




Figure 5.3: Normalized predicted (23 ˚C) capacity of xylose in selected pool of solvents, 
listed in Table 5.2. 
 
According to Figure 5.3, the alcohols – n-butanol, 1-propanol, ethanol and methanol 
are considered ‘good’ solvents.  The capacity of the ethyl acetate and ACN is around 
two times lower than the capacity of n-butanol, which demonstrated to have the 
lowest capacity of the alcohols tested.  While for heptane, the capacity of xylose is 
close to zero, which means heptane can be seemed as very poor solvent. 
After the selection of the ‘good’ solvents, the remaining solvents used to create two-
phase systems, generally with a more polar solvent and a less polar solvent that the 
‘good’ solvent can fluctuate between which means the miscibility of selected solvents 

























Table 5. 3: Miscibility chart of selected pool of solvents.  Adapted from (Dunn et al., 2010) 
 
 
The potential solvent systems could be selected according the information provided in 
Table 5.3.  Firstly two immiscible solvents A and B were chosen according Table 5.3 
and then one ‘good’ solvent was selected which could miscible in both A and B 
solvents.  This combination of solvents, in theory, leads to the formation of a biphasic 
systems and the number of combination is quite extensive; in total 11 possible 
systems.  While not all possible combination can be found as ternary phase diagrams 
in the literature, in this case, only four of them were chosen and since the alcohols are 
“good” solvents. During the selection the alcohols volume ratio should be as high as 
possible since the results in Table 5.3 shows that at certain percent of volume of n-
butanol, the higher volume percent of heptane, the better partition coefficient of 
xylose; in this case for the rest heptane/alcohols/ACN systems, only selecting the 
point on the highest tie line to achieve the high ratio of heptane/ACN. In this study, 12 
non-aqueous systems were chosen (see Table 4.2) and according to their liquid – 
liquid equilibrium data (Arlt, Macedo, Rasmussen, & Sorensen, 1979) the ternary 
phase diagrams are shown in Figure 5.4.  Each system shown contains at least one 
‘good’ solvent for xylose.  
Heptane 
Ethyl acetate  
n-Butanol    
1-Propanol    
Ethanol     
Methanol      
















































Figure 5.4: Ternary phase diagram (v/v) of heptane/alcohols/ACN: (a) heptane/n-
butanol/ACN (1-9:4:5, 2-3:1:1, 3-7:4:7); (b) heptane/1-propanol/ACN (1 – 3:2:3, 2 – 10:5:7, 
3-5:2:3); (c) heptane/ethanol/ACN (1-9:5:3, 2-13:5:3, 3-13:3:2); (d) 
heptane/methanol/ACN(1-4:6:1, 2-5:5:1, 3-5:5:1) (Arlt et al., 1979). 
 
Once the solvent systems were selected, the next step was to calculate the partition 


































































































calculate the partition coefficient of xylose in a solvent system using COSMO-RS, 
both the structure of the solute and solvents needs to be known along with the global 
composition of upper and lower phases of solvent system.  Table 5.4 shows the 
composition data of selected solvent systems analyzed by GC at 23 ± 2 ˚C.  
The partition coefficients of xylose were predicted for 12 non-aqueous systems are 
shown in Table 5.2 and Figure 5.4, by COSMO-RS method.  Table 5.5 shows the 
comparison of estimated partition coefficients of xylose and experimental results 




Table 5.4: Measured composition of the upper and low phases of selected solvent systems by 







Composition in Upper 
Phase (%) 
Composition in Lower 
Phase (%) 





9:4:5 69.74 17.84 12.36 28.31 27.53 43.41 
3:1:1 67.38 19.59 12.89 33.14 28.11 38.45 




3:2:3 91.76 5.27 2.97 21.11 31.42 47.48 
9:4:4 90.27 6.09 3.63 21.64 32.39 45.97 




9:5:3 93.79 3.67 2.52 21.58 35.29 43.11 
13:5:3 87.04 9.68 3.27 31.23 41.08 27.68 




4:6:1 99.13 0.56 0.26 25.34 53.28 20.46 
5:5:1 98.72 0.82 0.49 28.42 56.89 14.03 
10:5:1 98.07 1.14 0.73 35.72 51.27 12.26 
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Table 5.5: Comparison of the experimentally (23 ± 2 ˚C) determined partition coefficient and 
predicted (23 ˚C) data in 12 non-aqueous systems. 






9:4:5 -0.52 -0.73 
3:1:1 -0.43 -0.61 
7:4:7 -0.65 -0.79 
Heptane/1-
propanol/ ACN 
3:2:3 -1.74 -1.79 
9:4:4 -1.17 -1.30 
10:5:7 -1.53 -1.69 
Heptane/Ethanol/ 
ACN 
9:5:3 -1.67 -1.88 
13:5:3 -1.33 -1.45 
13:3:2 -1.16 -1.35 
Heptane/Methanol/ 
ACN 
4:6:1 -1.88 -1.76 
5:5:1 -1.61 -1.53 
10:5:1 -1.42 -1.36 
 
The biggest difference between predicted and measured logarithm partition coefficient 
is 0.21. And the root mean square error (RMSE) in logarithm partition coefficient is 
0.15, which is calculated by Equation 5.1; while compared to Wittekindt & Klamt 
(Wittekindt & Klamt, 2009) results, this value is much smaller than the accuracy of  




∑ (𝒍𝒍𝑪𝑪𝒍𝒍𝑲𝑲𝑫𝑫,𝑪𝑪𝒆𝒆𝒖𝒖 − 𝒍𝒍𝑪𝑪𝒍𝒍𝑲𝑲𝑫𝑫,𝑪𝑪𝑪𝑪𝑺𝑺𝑹𝑹𝑪𝑪−𝑹𝑹𝑺𝑺)𝟐𝟐𝑪𝑪𝑪𝑪=𝟏𝟏
𝟐𝟐
                       (5.1) 
 
As mentioned in Chapter 2, the ideal partition coefficient of a solute should be within 
the range of 0.4 to 2.5, which means logKD should be between -0.4 to 0.4. According 
to the results shown Table 5.5, none of the system is within this range.  However, the 
partition coefficient determined with these non-aqueous systems are higher than any 
of the partition coefficients found by Lau et al. (2013) when trying to purify 
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structurally similar compounds.  The highest logarithm partition coefficient of xylose 
in aqueous solvent systems studied by Lau et al. (2011, 2013) are all less than -0.8.  
Hence, in this study, systems with logarithm partition coefficients greater than -1 were 
considered.  According to the predicted results, the logarithm partition coefficients of 
xylose are higher than -1 in three heptane/n-butanol/ACN solvent systems which is in 
agreement with the experimental results.  Hence, the three heptane/n-butanol/ACN 
systems can be considered as potential good solvent systems for xylooligosaccharides 
CPC purification. While for the remaining heptane/n-butanol/ACN systems, the 
estimated logarithm partition coefficients are all lower than -1 and the experimental 
data shows the same conclusion. In this case, these systems were excluded from 
further. 
From the results in Table 5.5, it seems like that at a certain volume percent of alcohol, 
changing the ratio of heptane/ACN would influence the partition coefficient value 
either in theoretical method or experimental method, for example in the heptane/n-
butanol/ACN systems, if ratio of heptane/ACN is higher, the partition coefficient of 
xylose is higher, this might be caused by the increase of heptane in the solvent system, 
the upper phase will obtain more alcohol which is the ‘good’ solvent for xylose.  
Furthermore, at the certain ratio of heptane/ACN (which is the tie line in the four 
diagrams in Figure 5.4), the volume percent of alcohol would also affect the partition 
coefficient. While when the volume percent of alcohol increase, the partition 
coefficients in both prediction and experiments would decrease; and the reason for 
this might be since the increase of the volume percent of alcohol, the relatively 
volume of heptane would be decrease and this would lead less alcohol in the upper 
phase and more alcohol in the lower phase. 
The results shown in Table 5.5 also indicate that the partition coefficient of xylose 
would decrease as the increase molar weight of alcohol, and the reason for this might 
be as the molar weight of alcohol increase, the miscibility of heptane and alcohols 
would decrease, like methanol is poorly miscible with heptane and this would cause 
less alcohol dissolve in the upper phase and more alcohol dissolve in the lower phase 
which lead to a low value of partition coefficient. 
While for the heptane/n-butanol/ACN systems, the major advantage is that they are 
ternary systems which is easily prepared and tested when compared to Arizona and 
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HEMWat system; furthermore, the solvents in these systems are inert which means 
they would not react with xylooligosaccharides. 
 
5.1.4. Final Selection of the most Appropriate Biphasic Liquid 
From the previous step, only three possible solvent systems were chosen according 
the partition coefficient of xylose, the major reason for this is that the limited number 
of selected solvents and more possible solvent systems might be obtained if the 
selected pool of solvents is extended which will be considered as a future study 
extending from this thesis. 
According to the partition coefficient of xylose, three possible good solvent systems 
for xylooligosaccharides CPC separation were selected. The next step was to calculate 
the partition coefficient of xylobiose and xylotriose by COMSO-RS and compare 







Figure 5.5: Comparison of the experimentally (23 ± 2 ˚C) determined partition coefficient and 
predicted (23 ˚C) data in three heptane/n-butanol/ACN systems; closed symbols: 
experimental data, open symbols: estimated data. 
 
The results in Figure 5.5 indicate that the accuracy of predicted partition coefficient 
by COMSO-RS, compared with experimental data is acceptable for xylobiose while 
for the prediction of xylotriose, the estimated values are much lower than the 
experimental ones (since ΔlogKD,xylobiose = 0.14, 0.21,0.04 and ΔlogKD,xylotriose = 0.26, 
0.36, 0.52 for three systems).   The RMSE for logKD,xylobiose is 0.26 and for 
logKD,xylotriose is 0.39 in these three systems which is also smaller than Wittekindt & 
Klamt (Wittekindt & Klamt, 2009) results with RMSE = 1.45. 
This discrepancy can be attributed to the size of the xylotriose molecule and the 
difficulty to predict the activity coefficient for large biomolecules.  Furthermore, the 





















9/4/5 3/1/1               7/4/4
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experimental results.  From the results in Tables 5.5 and Figure 5.5, it can be 
concluded that COSMO-RS can be used as a potential tool for selecting possible non-
aqueous biphasic systems for xylooligosaccharides CPC separation. 
The final important factor for determination of a solvent systems for more than one 
compound is the separation factor, which should be larger than 1.5 to obtain a good 
separation of different compounds.  Table 5.6 below shows the predicted separation 
factors with the experimental ones. 
 
Table 5.6: Comparison of the experimentally (23 ± 2 ˚C) determined separation factors and 
predicted (23 ˚C) data in three heptane/n-butanol/ACN systems. 
 
The results shown in Table 5.8 indicate that the predicted separation factor are not in 
good agreement with experimental data especially for xylobiose/xylotriose separation 
factor.  Hence, in this study, the experimental method would be better suited to 
determine the separation factor.  According to the experimental results above, the 
heptane/n-butanol/ACN systems with volume ratio of 7:4:7 and 9:4:5 have relatively 
good separation factor and could be pursued for CPC separation. 
Finally, for the selection of the possible solvent systems, the physical properties such 
as settling time and volume ratio of upper and lower phase should be considered.  The 
solvent retention in a CPC solvent system can be determined by measuring the time 
needed for the formation of two distinct phases after thoroughly mixing the solvents, 
which is known as settling time.  For CPC separation if the phase separation time is 





















9:4:5 2.06 1.38 1.75 1.83 
3:1:1 1.51 1.16 2.61 1.64 
7:4:7 2.28 1.52 1.86 4.57 
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surface tension and density difference between two phases; if the settling time is 
greater than 30 seconds then stationary phase will not be as readily retained which 
was mentioned in Chapter 2.  Table 5.8 shows the upper/lower phase ratio and settling 
time for the three selected solvent systems.  For the settling time shown in Table 5.8, 
systems with ratio of 9:4:5 and 7:4:7 are all less than 30s while the settling time on 
system with 3:1:1 is 40s. Furthermore for the upper/lower phase ratio should be close 
to 1 during making the solvent systems for CPC separation, and the results shown in 
Table 5.8 indicate that the system with ratio 9:4:5 has relatively good upper/lower 
phase ratio. 
Even though the system with ratio 3:1:1 has relatively high partition coefficient for all 
three compounds, the separation factor and other physic properties are not that good. 
Hence, the heptane/n-butanol/ACN (9:4:5) system should be considered as the most 
appropriate solvent system in the selected pool of solvents for the three 
xylooligosaccharides studied during CPC purification. 
 


















Heptane/n-butanol/ACN 9:4:5 0.8 29 
7:4:7 0.38 21 
3:1:1 2.33 40 
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CHAPTER 6: CONCLUSIONS AND FUTURE STUDY 
 
6.1: Conclusions 
The first objective of this study was to develop a theoretically based method (see 
Figure 5.1) to determine partition coefficients of xylose, two major functional 
xylooligosaccharides - xylobiose and xylotriose in a solvent system and determine 
possible solvent systems for CPC separation. From this work, the COSMO-RS 
method had been used for theoretically determination of partition coefficient of xylose, 
xylobiose and xylotriose and according to the predicted capacity and partition 
coefficient, and according to these parameters, twelve nonaqueous possible CPC 
systems (heptane/alcohols/ACN) seeing Table 4.2 had been selected.  
The second objective of this research was to calculate the partition coefficients of 
compounds in the selected solvent systems with both theoretically method and shake 
flask method. From this work, the procedure of COSOM-RS to predict partition 
coefficient of the three target compounds is shown in Figure 5.1 and the shake flask 
method procedure is described in Figure 4.1. And the predicted and experimental 
results for xylose in twelve systems are shown in Table 5.5. And difference between 
predicted and measured logarithm partition coefficient is less than 0.21. And the root 
mean square error (RMSE) in logarithm partition coefficient is 0.15.  
The third objective was to compare the theoretical partition coefficient with the 
experimental to determine the possible best solvent systems for the compounds.  In 
this work, the comparison of predicted and experimental results are shown in Table 
5.5 and Figure 5.5, only the three heptane/n-butanol/ACN had reasonable partition 
coefficients for target compounds, which were considered as possible best solvent 
systems. While according to other factors – separation factor and upper/lower phase 
volume ratio in Table 5.6 and Table 5.7, the heptane/n-butanol/CAN with ratio 9:4:5 
was selected as best solvent system for xylooligosaccharides CPC separation
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6.2: Future Study 
In this work, the COSMO-RS method can only be used in predicting partition 
coefficients of xylooligosaccharides in non-aqueous system without ketones and 
because the target compounds contain multiple hydroxyl groups which causes 
hydrogen bond effect which cannot be predicted well by COSMO-RS. The reason for 
causing this situation is might be that the hydrogen bond effect in COSMO-RS theory 
is only controlled by one parameter – cHB in Equation 3.6, which means the hydrogen 
bonds are formed regardless whether the donor and acceptor screening charge density 
of atoms are available in solution or not.  While in the real situation, the hydrogen 
bonds only occur between polarized hydrogen atoms and strong electronegative 
atoms. And for the reason above, the COSMO-RS method cannot predict accuracy 
infinite diluted activity coefficient of target compounds in water and ketones. In this 
case, the next step is to revised COSMO-RS method to expend this method to predict 
partition coefficient in aqueous systems. And the COSMO-RS(OI) method proposed 
by Grensemann & Gmehling (2005) might be able to solve this drawback, since it 
introduced a new σ-profile – phb(σ) which is only for the atoms where hydrogen bonds 
are meaningful. Hence, the future work for selection of aqueous systems for 
xylooligosaccharides CPC separation, the COSMO-RS (OI) might be considered. 
The other work that might be able to do for the future is to find more available non-
aqueous systems. In this study, only twelve systems were considered due to the limit 
of the number of the selected solvents. Hence, in the future, more solvents should be 
considered in alcohol, ester, hydrocarbon, ether and dipolar aprotic groups. In this 
case, there might be able to find more available non-aqueous systems for 












Grensemann, H., & Gmehling, J. (2005). Performance of a conductor-like screening 
model for real solvents model in comparison to classical group contribution 






























Chapter 3 discussed COSMO-RS theory and the procedure to calculate the partition 
coefficient of target compound in solvent system.  According to the Equation 3.9 and 
3.10, to obtain partition coefficient of compounds, the parameter should by calculated 
is the infinite diluted activity coefficient - γm
∞,iof target compound in solvents or 
solvent systems. The infinite diluted activity coefficient is predicted by COSMO-RS 
method using three software – Hyperchem, TmoleX and COSMOthermX.  The 
following is a step-by-step manual to that uses 1-propanol as the example compound 
to allow the reader to use the necessary software to obtain infinite dilute activity 
coefficient of 1-propanol in L designated Arizona system 
1. Generation of 1-propanol structure and selection of its conformations by 
Hyperchem Version 8.0. 
1) Open the Hyperchem 8.0, click Build button on main screen, then click 
Default Element to choose different atoms, in this case carbon, oxygen and 





Then for conformational analysis, all the possible torsion angels of 1-propanol 
should be defined. To definite a torsion angel, first need to choose four atoms 
(seeing the green atoms on the figure below) and then click Select button and 
choose Name Selection. For 1-propanol, it has six possible torsion angels in 
total. 
 
2) Next step is conformational analysis for 1-propanol with MM+. The procedure 




Then in the conformational search screen, click Options button and click 
Choose Torsions, then all the torsion angels that have been defined will show 
on the left chart, click Add all button to add all the angels to the right char; at 
the end, click OK button. 
.   
 
And since the number of conformations might be too much and not need to 
consider all of them, in this case, keep conformations no more than 30. To 
achieve this purpose, click Options and choose Limits, then change Don’t 




At the end click Run button on the main screen, Hyperchem will calculate by 
itself and finally, for 1-propanol, it has two conformations, shown below: 
(save them separately in .hin. format for next step) 
 
 
Calculation of the screening charge density σ by DFT (COSMO boundary 
condition ε=∞) for two conformations of 1-propanol separately by using 
TmoleX 3.4  
 
2. The calculation of the screening charge density of compound is the most time 
consuming step, since it need to do the quantum calculation for each conformation of 
compound. 
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1) Firstly, open the TmoleX 3.4, choose one project from ProjectList and then 
click File to start a new single run named job_notRun _1 on the left of the 
main screen, then click Import Coordinate File and choose one of the 





2) Next click the Atomic Attributes button on the main screen, the figure below 
will be shown then; go to the Basis Set for all Atoms, choose def-TZVP. 
 
3) Then go to the Molecular Attributes section and fill the Molecular charge 
blank according to property of compound, in this case for 1-propanol, choose 
0. And then click Generate MOs button. 
 
4) Next section is Method, click the Level of Theory and then choose DFT. 
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5) Finally go to the start job section, just click Run (local) button, the TomleX 
will begin to calculate. 
 
6) After calculation, the screening density of each conformation can be obtained 
in cosmo. format, in this case, the 1-propanol has two conformations, hence it 




3. Calculation of the infinite diluted activity coefficient of 1-propanol in Arizona L 
system by using COSMOthermX  
To calculate infinite diluted activity coefficient of 1-propanol in Arizona L system, the 
composition of each phase in solvent system also should be known.  The related data 
can be measured by GC. The table below shows the volume fraction of water, Ethly 





























0.9 49.9 46.1 3.9 52.8 14.1 0.03 33.1 
 
While in the COSMOthermX, only mass or mole fraction can be used. So the volume 






























0.90 44.94 31.52 2.37 52.7
0 
12.70 0.02 26.19 
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1) After all these data prepared, open COSMOthermX, Click TZVP button on the 
left corner, then search the compounds you need and click “Get selection” 
 
2) Then Choose Activity coefficient section and choose 22 degree and click mass 
fraction. And put mass fraction ratio of different solvents in it. Then click add 
button and then run it. 
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Upper phase -2.286 0.102 
Lower phase 0.674 1.962 
 
Then use the Equation 3.9 and 3.10 in Chapter 3, the predicted partition coefficient of 
1-propanol in Arizona L system can be calculated.  






∞,𝑪𝑪 ∗  
𝒗𝒗𝒎𝒎
𝒗𝒗𝒑𝒑
                                                           (3. 9) 











                                                        (3. 10) 
Where xm
j  the molar fraction of is pure compounds j in mobile phase and xs
j  is the 
molar fraction of pure compounds j in stationary phase.  
